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ABSTRACT

A NEW GEOTHERMAL BRIDGE DE-ICING SYSTEM WITH ATTACHED HYDRONIC
HEATING LOOPS: FIELD STUDY, NUMERICAL MODELING, AND ECONOMIC

ASSESSMENT

Omid Habibzadeh-Bigdarvish

The University of Texas at Arlington, 2021

Supervising Professor: Dr. Xinbao Yu
Each year, ice and snow adversely impact U.S. transportation infrastructure during the cold season,
causing an extensive impact on the U.S. economy. Bridges are key elements in the transportation
network and the most vulnerable sections of the road to ice and snow. Conventional snow and ice
removal system (CSRS) is proven not to be a satisfactory solution as it causes induced damages
and issues, such as accelerating bridge deck corrosion, safety issues, travel delays, and
environmental damages. Thus, the geothermal heat pump de-icing system (GHDS) is introduced
as a sustainable solution for bridge deck de-icing, which utilizes renewable geothermal energy and
prevents the problems associated with CSRS. Current GHDS designs mostly rely upon embedded
hydronic loops in concrete decks. To extend the GHDS for existing bridges, a new external
hydronic deck has been developed, which employs attached hydronic heating pipes to the bottom
surface of the bridge deck.

In this study, a novel external geothermal heating system is developed and implemented
on a full-scale bridge deck, located in the Dallas-Fort Worth metroplex in Texas, USA. Primarily,

this study presents the design and implementation procedure of a novel external geothermal
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heating system on a full-scale bridge deck for de-icing operations in field conditions for the first
time. It tests and analyzes the system's heating performance and the bridge deck'’s thermal response
under multiple winter events. The details and information pertaining to the design and construction
of the hydronic loops, a ground heat exchanger (GHE), and the monitoring system, are presented
and can be pivotal for the designers of similar projects. The test results showed that the system
was successful in de-icing the bridge deck and maintaining the bridge deck surface temperature
above freezing in the event with a minimum ambient temperature of -6.2 °C. Experimental results
also indicated that the external heating system was able to transfer about 55% of the supplied heat
to the bridge deck surface. Moreover, this study investigates the thermal and energy performance
of the 131 m borehole heat exchanger as well the subsurface ground temperature distribution
during heat injection and extraction due to bridge solar collector and de-icing tests. According to
the result, the heat injection by bridge solar-collector test resulted in a noticeable rise in the ground
temperature surrounding the heat exchangers. The result proved that the stored thermal energy can
be preserved for utilization in the winter de-icing test. Also, the field tests’ results proved the
feasibility of the bridge solar collector to address the thermal imbalance issue in the ground.
Moreover, in this study, a 3D transient FE model is developed in COMSOL Multiphysics
to assist in further investigation of the GHE performance and overcome the limitation of the
experimental tests. As one of the disadvantages of the finite element (FE) models is huge
computational time, a computationally efficient model is developed which sacrifices the
temperature distribution inside the borehole and simulates the borehole wall temperature with less
computational time, a high level of accuracy, and convenient meshing. The proposed model is
verified against the experimental data and was found to be as accurate as of the conventional model

in simulating outlet fluid temperature, borehole wall temperature, and soil temperature surrounding
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the borehole. The outcome of the analysis confirmed, application of the proposed model greatly
reduced the required number of mesh elements and consequently computational time in
comparison to the conventional model.

Finally, this study performs a scenario-based life-cycle cost-benefit analysis (LCCBA) on
the geothermal heat pump de-icing system (GHDS) to investigate the economic viability of this
system for the case of North Texas. The result of the base case analysis showed the benefits of the
GHDS outweigh its costs. In addition, the results of the sensitivity analysis, using the Monte Carlo
Simulation (MCS), indicated traffic flow enhancement is the most dominant variable affecting the
overall result. However, for the daily traffic volume of 24000 vehicles, the benefits were estimated
to be 2.32 times greater than the costs with 95% reliability. Generally, the analysis output
demonstrated, for the bridges with a minimum daily traffic volume of 7000 vehicles, the

application of the GHDS is economically viable.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Severe winter weather conditions adversely affect the functionality of roads and endanger the
safety of motorists. Approximately 70% of the United States’ population and transportation
network are affected by snowy weather and receive more than 13 cm average snowfall annually
(Perkins et al. 2012). Bridges are considered as the key elements of the transportation infrastructure
as they ensure the accessibility of roads. However, they are vulnerable to cold weather and highly
prone to accumulating ice and snow due to exposed top and bottom surfaces to the atmosphere.
Therefore, winter maintenance of bridges is one of the crucial and recurring tasks during winter in
snowy and icy regions.

Commonly, de-icing salt is utilized in the conventional snow/ice removal system (CSRS)
as it is inexpensive and redundant. However, de-icing salt can cause a phenomenon known as a
“chloride attack” which provokes a significant durability problem for concrete pavements and
structures. The output of a chloride attack is the corrosion of steel reinforcement, which results in
cracking and spalling of the concrete, and eventually deteriorates the bridge deck surface. Several
studies have focused on this topic (Baboian 1992; Granata and Hartt 2009; White et al. 2005;
Yunovich et al. 2003). The reinforcement area is decreased as a consequence of the bridge
corrosion, which leads to the overstress of the steel cross-section and ultimately causes a reinforced
concrete bridge deck to collapse (Ghasemi-Fare et al. 2015). There are several cases of reinforced
concrete bridge decks that collapsed due to the corrosion of steel reinforcements (Naito et al.
2010). According to recent studies, resilient steel can be used on new construction projects, but

this does not address concerns relating to the existing infrastructure.



There is a growing concern nationwide about the condition of the bridges. The total cost
of bridge corrosion has been estimated at 6-10 billion dollars annually by Koch et al. (2002).
Yunovich et al. (2003) found that indirect costs account for 10 times of the total direct cost.
According to the FHWA (2008), one-fourth of the U.S. bridges contain structural defects or are
functionally obsolete. One of the main challenges for highway administration is to extend the
service life of infrastructures, with minimal maintenance cost and efforts (AASHTO 2005).
Besides the problems discussed above, utilization of de-icing salt also cause delays for motorists
and result in massive financial damages due to excessive fuel consumption and additional travel
time cost (Zeroual et al. 2017). As a result of bridge deck corrosion more frequent maintenance is
required, which might involve closing lanes or even the whole bridge to fix the problem, again
causing delays for travelers. There are also environmental risks associated with de-icing agents,
including contamination, roadside vegetation damage and mortality, reduced soil stability, and
increased permeability and salinity of water (Fischel 2001). Moreover, the conventional bridge
de-icing method also leads to some safety concerns for the motorists since the application of this
system does not always provide an ice-free surface; for example, it is very likely that drivers face
an icy surface on the bridge deck after freezing rain. Therefore, it is imperative to apply new
approaches and technologies, which can prevent the aforementioned problems.

Geothermal energy is a renewable and green source of energy, proven to be a reliable
alternative to fossil fuels. The shallow geothermal energy (SGE) is extracted using the ground heat
exchangers (GHE) or energy geostructures (e.g., foundations, diaphragm walls, tunnel liners, or
anchors) (Barla et al. 2016; Brandl 2006; Mimouni et al. 2014; Nam and Chae 2014; Sterpi et al.
2018a). The output of the geothermal energy system is used for a variety of purposes, such as

heating and cooling of a building. A novel application of geothermal energy is for snow melting



or de-icing the bridge deck surface. Thus, a geothermal heat pump de-icing system (GHDS) was
developed which utilizes geothermal energy as a reliable and renewable source of energy. In this
system, the heat carrier fluid, mostly water-based antifreeze solution, circulates between the
ground loop heat exchangers (GLHE) and hydronic heating loops embedded in the bridge deck
(Figure 1.1). The study of the life-cycle cost-benefit analysis (LCCBA) of this system has indicated
that its application is economically viable for the bridges with a minimum annual daily traffic
volume of 7000 vehicles, and benefit to cost ratio (BCR) of 2.6 can be achieved for the 50-year

life-cycle and daily traffic volume of 24000 vehicles (Habibzadeh-Bigdarvish et al. 2019).

Weather forecast

G2

N\
o
X

T | e

Ny

Figure 1.1 Conceptual diagram of the geothermal heat pump de-icing system (GHDS)
(Habibzadeh-Bigdarvish et al. 2019)

1.2 Problem Description

Most previous geothermal de-icing/snow-melting studies have focused on geothermal heat pump
de-icing systems in which hydronic heating loops are embedded within the concrete slab of the

new bridges, which actually cannot be employed in the existing bridges where the demand for de-



icing is the greatest. In recent years, a UTA research team has been collaborated with the Texas
Department of Transportation (TXDOT), to develop an external geothermal de-icing system that
can be implemented for existing bridges. So far, preliminary studies have been carried out through
experimental and numerical analysis (Hurley 2019; Li et al. 2020; Yu et al. 2017, 2019). The
experimental studies are limited to the laboratory-scale concrete slab and only focused on the
hydronic heating loops and heating performance of the bridge deck. Therefore, they have never
studied the overall system performance of the externally heated bridge deck, as they did not employ
any geothermal systems in the test setup. However, due to the lack of research concerning the
performance of the full-scale external geothermal heating system for bridge deck de-icing, there is
still a need for investigating the thermal and energy performance, heat transfer efficiency, and
feasibility of the full-scale external geothermal heating system under actual winter weather.

The most critical component of the geothermal de-icing systems is the ground heat
exchangers (GHESs), as they play a vital role in keeping the system running efficiently. A
significant disadvantage of GHEs is the long-term variation in subsurface thermal conditions due
to heat extraction or sink in the ground (You et al. 2018; You and Yang 2020). The ground thermal
imbalance problem is a potential threat to the efficiency of the geothermal bridge deck snow
melting/de-icing system due to single-mode operation, i.e., heating mode. Because, despite the
thermal conditioning of a building in which the GHE operates under both heating and cooling load,
geothermal snow-melting/de-icing systems only need to work in heating mode, i.e., heat extraction
from the ground, which provoke ground thermal imbalance issue. However, the solution lies in the
application of the bridge deck as a solar collector. Several studies are available in the literature
that have investigated the application of the bridge deck as a solar collector to address the thermal

imbalance issue in the ground (Bowers Jr and Olgun 2015; Wu et al. 2020). To date, no study has



been found in the literature that comprehensively investigated the bridge solar-collector impact on
the thermal condition of the ground. Moreover, the energy performance, soil thermal storage
capacity, and thermal imbalance ratio (IR) due to the bridge solar-collector operation of GHDS are
also open questions. Besides, very few full-scale experimental studies have investigated the GHE
performance and heat transfer surrounding the GHE; studying the GHE performance in a
geothermal snow-melting/de-icing system is even a rarer topic.

Another challenge is that there are many Finite Element (FE) models available for the
analysis of the heat transfer process inside and surrounding the GHE, and not all the models are
computationally efficient as well as accurate. Al-Khoury et al. (2005) and Al-Khoury and Bonnier
(2006) developed the 1D pipe element, which significantly has reduced the mesh complexity and
computational time. Ozudogru et al. (2014) developed a 3D numerical model for vertical heat
exchangers which utilized 1D fluid flow; also, they proposed a pseudo pipe approach to overcome
the errors of the 1D pipe flow modeling. The same approach has been later used by other
researchers, such as Zhang et al. (2020). In the previous studies, the meshing of the borehole and
pseudo pipe model has been challenging as it presents extreme geometrical aspect ratios and
requires a more advanced and efficient numerical strategy to reduce the computational time.

Lastly, an understanding of the financial performance of geothermal heat pump de-icing
(GHDS) is necessary to encourage the widespread use of this technology. This issue can be
clarified by conducting an economic assessment. It is a useful method to predict the expected costs
and benefits of a proposal or project and to provide valuable information to assure the efficient
allocation of resources. Thus, a decision-maker is then able to compare alternatives and select the
most appropriate ones. However, although GHDS has proved to be a sufficient and feasible

solution for de-icing the bridge decks, its financial feasibility has never been investigated.



1.3 Research Objectives

The primary objective of this research is to better understand different aspects of the novel full-

scale external geothermal heating systems for bridge deck de-icing through field experiments,

numerical modeling, and economic assessment. The general research objectives are:

Development of a full-scale prototype of the external geothermal heating system to
better investigate the system's thermal and energy performance as well as bridge
deck’s thermal response under winter events.

Experimental Investigation of the ground heat recovery using the bridge deck as a
solar collector and thermal and energy performance analysis of the GHE during the
solar collector and de-icing test.

Experimental Investigation of the heat transfer in the subsurface surrounding a full-
scale vertical ground heat exchanger under heat extraction and injection load.
Development of a computationally efficient finite element (FE) model that can
overcome the extreme geometrical aspect ratios problem of the geothermal
borehole components and provide accurate simulation results.

Development of a framework and case study for the life-cycle cost-benefit analysis

(LCCBA) of the geothermal heat pump de-icing system (GHDS).

1.4 Dissertation Outline

This dissertation mainly consists of four journal papers, of which two have been published, and

two will be submitted for publication. The topic of each paper and the associated journal is given

below:

e Chapter 4 — A novel full-scale external geothermal heating system for bridge deck de-icing



Overview: This chapter assesses the feasibility of the de-icing system and
demonstrates the winter test result. It tests and analyzes the system's heating
performance and the bridge deck’s thermal response under several winter events.

Journal: Applied Thermal Engineering

Chapter 5 — A U-tube ground heat exchanger for bridge de-icing: a solar collector and

de-icing test, ground heat recovery, and operation strategy

Overview: This study focuses on the evaluation of the energy performance and
subsurface ground temperature distribution during the operation of a borehole
ground heat exchanger in an externally heating geothermal bridge de-icing system.
Journal: ASCE Journal of Geotechnical and Geoenvironmental Engineering (to be

submitted)

Chapter 6 — On the modeling of a U-tube ground heat exchanger: A proposed

computationally efficient numerical model and experimental verification

Overview: This chapter deals with developing a computationally efficient FE
model which replaces the modeling of the borehole with an equivalent 1D pipe
element, however providing accurate results as the conventional model with less
computational time.

Journal: Geothermics. (to be submitted)

Chapter 7 — Life-cycle cost-benefit analysis of bridge deck de-icing using geothermal

heat pump system: a case study of north Texas

Overview: This chapter develops an economic analysis framework and performs a
scenario-based life-cycle cost-benefit analysis (LCCBA) for a geothermal heat

pump de-icing system (GHDS) located in North Texas.



» Journal: Sustainable Cities and Society
For further understanding of this research, three additional chapters are also included.
Chapter 2 reviews the background and previous literature in this area of study, Chapter 3 describes
the overview, construction, and layout of the field setup, and Chapter 8 summarizes the main

findings of this study.



CHAPTER 2: BACKGROUND

2.1 Introduction

Bridges are the critical infrastructures of the transportation network, which are negatively affected
by the severe winter weather (Figure 2.1). Traditionally, de-icing salt and other chemical deicers
are used to prevent snow and ice accumulation on the bridge deck. Application of the chemical de-
icers is hazardous to the environment, labor-intensive, time-consuming, and corrosive to the bridge
deck (Baboian 1992; Fischel 2001; Yunovich et al. 2003). Moreover, corrosion of the bridge deck
eventually leads to the repair/rehabilitation actions and work zones on the bridges, which imposes
delays on the travel time of the motorists and increases the risk of an accident as well (Habibzadeh-
Bigdarvish et al. 2019). Thus, new technologies have been developed that use geothermal energy
for snow/ice melting on the bridge deck surface, prevent the corrosion of the bridge deck, and

minimize environmental footprints (Lund 1999; Minsk 1999).

Figure 2.1. 133-car pileup in Fort Worth, TX after freezing rain coats the bridge on 1-35W and
Northside Drive on Thursday, February 11, 2021 (Marfin et al. 2021)



Commonly, geothermal energy is employed using a ground source heat pump system
(GSHP) which is a highly efficient, renewable energy technology (Omer 2008; Spitler and Bernier
2011; Yu and Olson 2018). This technology relies on the ground heat exchangers (GHE) buried
into the ground to extract heat during the cold season and depletion during the warm season (Figure
2.2). It works on the basis that the ground temperature is relatively constant, around 10-15 °C,
below a certain depth, it is warmer than the air in winter and cooler than the air in summer (Brandl

2006).
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Figure 2.2. Schematic plot of a GSHP for space heating and cooling (Yu and Olson 2018)

The GSHP is mainly used for thermal conditioning of the building; however, a novel
application has been developed through the implementation of a geothermal heat pump de-icing
system (GHDS) for snow melting and de-icing bridge decks and pavements. GHDS is a ground
source heat pump system (GSHP) that uses the system’s heat output for snow melting and de-icing
purposes. In these systems, the heat carrier fluid circulates between ground loop heat exchangers

(GHE) and the hydronic loops in contact with the bridge deck/pavement and transfers heat to the
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bridge deck/pavement surface to melt snow and ice. The heat pump in the system helps the heat

carrier fluid reach the ideal temperature appropriate for snow and ice melting.

2.2 Geothermal Snow-Melting and De-icing System

The geothermal bridge/pavement heating system has been developed, implemented, and studied
for several decades. As early as the 1970s, the feasibility of using geothermal energy as a heat
source in a system that uses the heat pipes for de-icing and snow-melting of the pavement surface
was studied by Bienert et al. (1974) in Baltimore. The study was performed at McLean, Virginia,
during two winters at the Fairbank Highway Research Station. In another study by Ferrara and
Brinkman (1976), it was demonstrated how the application of heat pipes contributes to avoiding
the preferential freezing of highway pavement slabs and bridge decks. For de-icing roadways
structures in Colorado, Griffin (1982) examined the conceptual designs, life expectancy,
performance, and cost estimates for all the potential systems with non-fossil fuel heat sources. One
of the pioneer applications of geothermal energy for bridge deck de-icing and snow-melting is the
SERSO system in Switzerland that works since 1994 (Eugster 2007). The SERSO system has
demonstrated that an underground thermal energy storage system is feasible for storing solar
energy. This system utilizes 91 borehole heat exchangers 65 m deep to maintain temperatures at
or above 3 °C on a bridge deck surface during the winter. Only the circulation of water within the
pipes is powered by electricity, and no heat pump is used. Figure 2.3 shows the overview of the
SERSO Project in Switzerland. More recently, Lund (1999) and Minsk (1999) also reported
multiple applications of the geothermal heat pump de-icing system for bridge decks in the U.S.
Their study focused on the design, construction, and cost data, but provided less information on
the performance of the system during snow/ice events; however, they observed positive control of

snow and ice on the bridge deck.
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(a) (b)

Figure 2.3. SERSO Project in Switzerland: (a) Overview of the system; (b) system under
operation (Eugster 2007)

In two similar studies, Spitler and Ramamoorthy (2000) and Chiasson and Spitler (2001),
investigated the design of the hydronic heating system for an interstate highway in Oklahoma.
They discussed the conventional layout of hydronic heating pipes and demonstrated the heat
transfer mechanism within the concrete bridge deck (Figures 2.4 and 2.5). Their design called for
a vertical closed-loop ground-coupled type, which can be installed at any location where drilling
and earth trenching are feasible. They mentioned that it is necessary to perform the ground thermal
recharge to effectively balance the thermal loading to the ground over the annual cycle, and hence
reduce the size and therefore the cost of the GLHE. They concluded that the final design consists
of 16 heat pumps that will supply fluid to the bridge deck at approximately 50°C with a total flow
rate of 22 I/s. Also, the de-icing system needs 250 boreholes, each 76 m deep which are running

with a fluid flow rate of 57 I/s, that uses summer recharge.
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Figure 2.4. Typical hydronic snow-melting system: (a) Plan view; (b) Cross-Sectional View.
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Figure 2.5. Heat transfer mechanisms in a hydronically-heated bridge deck (Chiasson and Spitler
2001; Spitler and Ramamoorthy 2000).
Liu et al. (2003) set up a bridge deck model of 18.3 m x 6.1 m where a PEX pipe heating

system was installed in a 15.2 cm thick bridge deck. The underground loops system consists of 6
13



boreholes of 66.1 m deep and 13 cm diameter that are in a 2 by 3 configuration with 7.62 m
spacing. Boreholes were employed to transport geothermal heat. Furthermore, to simulate the
operation of the whole anti-icing system, they developed a model in the HVACSIM+ model and
also investigated the snow melting process occurring on the surface. The same authors also
developed a numerical model of snow melting on a heated pavement surface and discussed its
application to a representative snow melting system. The model was successful in predicting the
transient surface conditions, including the temperatures and extent of snow cover, and was
experimentally validated and successfully tested (Liu et al. 2007).

Balbay and Esen (2010) were the first to study the practicality of using a ground source
heat pump system for snow melting on pavements and bridge decks in Turkey (Figure 2.6). Their
research demonstrates the performance of the system and provides valuable information regarding
slab temperature and coefficient of performance (COP). They also investigated the energy
performance of the snow melting systems using a GSHP and found that the COP values of the

GSHP system were 1.99, 2.66, and 3.05 for borehole depths of 30 m, 60 m, and 90 m, respectively.

Figure 2.6. First geothermal snow-melting study in Turkey (Balbay et al. 2010)
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In Japan, several studies have investigated the feasibility of the geothermal snow-melting
system. Morita and Tago (2005) reported the highlights of the geothermal snow-melting project
for 659 m? sidewalks in the heavy snowfall city of Aomori (Figure 2.7). The system consists of a
total of 8-151.4 m downhole coaxial heat exchanger (DCHE) and 2 heat pumps. Based on the
system operation in several winters, it was found that snow-melting systems have sufficient snow-

melting capacity for the city.

&

(@) (b)

Figure 2.7. Sidewalk snow-melting project in Aomori, Japan: (a) Hydronic heating loop; (b)
System under operation (Morita and Tago 2005)

Yoshitake et al. (2011) developed a bridge deck heating system using the underground
water storage tank as a heating source (Figure 2.8). The goal was to achieve a temperature > 0.5°C
on the bridge deck surface during the winter. The system showed to be capable of removing snow
on the bridge decks sooner than on the unheated road surface near the bridge. The authors
suggested that the proposed system was an economical and effective method for snow-melting and

de-icing and can be implemented in relatively mild regions, such as western Japan.
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Figure 2.8. The proposed snow melting system in Japan: (a) system overview; (b) Bridge deck
condition during a snow-storm (Yoshitake et al. 2011)

Ghasemi-Fare et al. (2015) examined the feasibility of the geothermal de-icing system and
proved the feasibility of this technology through numerical and experimental investigation. They
employed proof-of-concept testing to assess the operational basis and key design parameters.

Another study has investigated the thermal performance of a small-scale (2.6 m x 3.0 m)
bridge deck de-icing system under bridge deck de-icing and thermal recharge operations (Bowers
G Allen and Olgun 2014; Bowers Jr 2016). Figure 2.9 illustrates the test result during a snowstorm.
The energy piles were used as a mean to harvest the geothermal energy. The authors examined
both the bridge deck and the ground's temperature response during winter heating and summer
recharge. According to the experiments, the system was able to draw enough energy from the

energy piles to maintain the deck snow-free during moderate snowstorms.
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Figure 2.9. Comparison of the heated and unheated zone during a snowstorm (Bowers Jr 2016)

Over the past few years, A UTA team has been working with the Texas Department of
Transportation (TXxDOT) to investigate the implementation of this system on Texas bridges (Yu et
al. 2017), and to develop a system that can be also used for existing bridges. Li et al. (2018)
conducted preliminary research on externally heated geothermal bridge decks, using numerical
analysis, and showed that the proposed externally heated geothermal bridge deck can successfully
de-ice bridge decks in mild winter weather conditions (Li et al. 2018). The same research group
has investigated the feasibility and performance of the externally heated geothermal bridge decks
through experimental tests performed on the laboratory-scale concrete slab of 10 and 20 cm (Figure
2.10). The lab setup consists of hydronic loops, a circulating pump, and an electrically heated water
tank. A series of heating tests were performed under various heating conditions to assess the
efficiency of the heating performance and heat transfer of the external heating design (Hurley
2019; Yu et al. 2019). Although they showed the external heating system is a feasible solution for
de-icing the bridge deck, however, the laboratory tests only focused on the hydronic heating loops
and thermal response of the concrete slabs; the experiments were unable to investigate the overall

performance of the externally heated bridge deck as they did not employ any geothermal systems
17



in the test setup. More recently, the heat transfer process and energy balance of the externally
heated concrete slab have been studied using a 3D numerical model, which was calibrated using

the experimental results obtained from lab experiments (Li et al. 2020).

@ I (b)

Figure 2.10. A lab experiment of the external heating system; (a) attached hydronic loops to the
bottom of the concrete slab; (b) Applied spray foam to the bottom surface for thermal insulation
(Hurley 2019)

2.3 Thermal Performance of the Vertical Ground heat exchanger (GHE)

2.3.1 Experimental Studies

In recent years, there have been many studies concentrating on accurate estimation of heat transfer
inside and around boreholes using numerical and experimental studies (Javadi et al. 2019; Li et al.
2018; Noorollahi et al. 2018; Zhang et al. 2018). However, in contrast to numerical modeling, only
a few full-scale experimental studies are available which has investigated the heat transfer inside
and around boreholes.

In one of the earlier studies, the temperature profile inside a 151.4 m downhole coaxial
heat exchanger (DCHE) in a snow-melting system in Japan has been investigated (Morita and

Tago 2005). The authors have studied the impact of the DCHE operation on the temperature profile
18



inside the geothermal borehole. Observing the temperature changes in this formation, they
concluded that the DCHE temperature is sensitive to the heat balance between charged and
extracted heat. The amounts of extracted heat were significantly in excess of charged heat on a
fiscal year basis. They suggested that the most effective way would be to reduce unnecessary snow-
melting operations, which might also lead to better performance. In another study, the subsurface
thermal environmental changes caused by heat exchange with the ground have been evaluated by
monitoring the ground temperature variation of heat exchanging well (Fujimitsu et al. 2010). They
have also performed a numerical simulation of the underground temperature change with computer
programs to predict the long-term effect. They found, according to the simulation results for a 20-
year operation, there will not be a cumulative increase or decrease in subsurface temperature.
Therefore, it is likely that the GSHP system does not significantly impact the subsurface thermal
environment. Gao et al. (2013) focused on the development of a numerical model for groundwater
heat pump (GWHP) systems to conduct a comparison of the energy efficiency and thermal
interaction between pumping and injecting well groups. They concluded that the influence of
thermal interaction would lead to an effect on the efficiency of the groundwater heat pump
(GWHP), and the well location and their arrangement was a crucial key to the thermal
breakthrough.

In a recent study, Baser et al. (2016) studied the transient changes in ground temperatures
in a field-scale SBTES system installed in the vadose zone of Golden, Colorado through
experimental and numerical analysis (Figure 2.11). Their experimental result showed that after 75
days of heat injection at a constant rate of 20 W/m the ground temperature in the array increased
by 7 °C and only 21-42% of the total 11.5 GJ thermal energy stored in the soil. In a similar study

by the same authors, transient ground temperatures have been investigated in a field-scale soil-
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borehole thermal energy storage (SBTES) system in San Diego, California (Baser and McCartney
2020). The SBTES system consists of an array of thirteen 15 m-deep borehole heat exchangers at
1.5 m spacing. In a 4-month period, the heat was collected from solar thermal panels and injected
into the SBTES system, which was followed by monitoring the subsurface for about a 5-month
ambient cooling period. The authors also developed a numerical model for coupled heat transfer
and water flow and compared the measured data compared with those predicted by the model. In
general, a good match was found between the experimental measurements of ground temperature

in the SBTES and those simulated.
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Figure 2.11. Experimental setup for the SBTES system in San Diego, California : (a) Plan view;
(b) Elevation view (Baser and McCartney 2020)
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Besides full-scale experimental studies, several lab-based experiments have been
conducted to explore this issue. Beier et al. (2011) conducted a large laboratory sandbox
experiment containing a single U-tube heat exchanger of 18 m long to provide reference data sets
for researchers to test their borehole models. Similarly, Salim Shirazi and Bernier (2014)
developed a small-scale experimental setup to study transient heat transfer in ground heat
exchangers. Their experimental setup consists of a sand tank of 1.35 m high and 1.4 m in diameter.
They compared the experimental and numerical results from the developed model for 73 hours of
heat injection, which was followed by 5 days recovery period. They concluded that the agreement
between experimental data numerical results indicates that accurate experimental data can be
obtained with the apparatus. Moreover, for evaluating the underground thermal process of thermal
injection/extraction, Giordano and his colleagues built a field-scale laboratory nearby Torino in
Northern Italy using borehole thermal energy storage (Giordano et al. 2016). Zhang et al. (2020)
also designed and constructed a lab-scale experimental system based on similitude laws to study
the heat transfer behavior in underground soil. They proposed a transient 3D numerical model to
calculate the temperature variation of full-scale GHE and performed model validation with the
sandbox data set. Overall, they tried to provide more accurate reference data and foundation with
less time-consuming for engineering application of underground energy storage systems, such as

GSHP, ground energy pile, etc.

2.3.1 Numerical Studies

As a result of the complex transient 3D transport phenomena of ground heat exchanger (GHE),
models and simulations of GHE serve as important tools in modern geothermal heat extraction
technologies. Throughout the years, different numerical models of high and low complexities have

been developed and utilized as a design tool for GHEs.
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Signorelli et al. (2007) compared the results of analytical and 3-D numerical models to
investigate the affecting phenomenon on the analysis of thermal response test data. They employed
the 3-D finite-element (FE) code FRACTure developed by Kohl and Hopkirk (1995). Their study
considered the effects of heterogeneous subsurface conditions and soil moisture migration. The
result indicated that in contrast to the line-source model, the numerical analysis is more suitable
for an accurate assessment of thermal response tests because the model is able to analyze heat
injection rates as well as borehole geometry, something that the line-source model cannot do. They
also found that soil moisture migration has a profound impact on the interpretation of thermal
response test data when flow speeds are greatly higher than 10 cm/day. He et al. (2009) developed
a dynamic three-dimensional numerical model using the finite volume method to assess the short
timescale transient responses of a borehole heat exchanger (BHE) and the inter-tube flux between
two U-shape pipe legs. The model included a single borehole with a diameter of 150 mm and a
depth of 100 m. They found that the delayed response due to the circulation of fluid along the pipe
loop is important at short time scales (10 min). Also, the result showed effective heat transfer rate
may be considerable where there is an onset control system or where maximum thermal loads are
critical. Lamarche et al. (2010) studied the borehole thermal resistance and developed 2D and 3D
numerical models in COMSOL to evaluate and compare the different approaches and determine
the resistances. They also proposed a new method to calculate the borehole resistances from in situ
tests.

In order to reduce the computational time and effort, some researchers have simulated the
GHE using 2D models. Austin 111 (1998) employed a 2D finite volume model to determine the
thermal conductivity of the ground. Lazzari et al. (2010) examined the long-term performance of

different borehole heat exchanger (BHE) fields configuration using 2D finite element models in
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COMSOL software. For each BHE field geometry, they discussed heat load and thermal
conductivity of the ground, illustrations of the minimum annual value of the fluid temperature for
a period of 50 years. The authors found out that except for a single BHE, long-term performance
is negatively affected for every case. Choi et al. (2013) studied the influence of groundwater flow
on BHE arrays and used a 2D finite element method to simulate the heat transfer outside the
borehole. For the case that a full description of the borehole geometry is required, a 3D model can
be used which should deal with extreme geometrical aspect ratio problems.

Al-Khoury et al. (2005) and Al-Khoury and Bonnier (2006) proposed a new numerical
technique to accommodate the extreme geometrical aspect ratios that make it necessary for an
advanced and efficient numerical simulation to be employed in geothermal heating systems. Their
model utilizes the combination of the finite element method with thermal resistance and capacity
models, in which 1D finite element representation is used to model single and double U-pipe
elements in a three-dimensional (3D) finite element model (Figure 2.12). A new expression for the
thermal resistance between the GHE pipe and the grout is proposed to account for thermal
interaction inside the borehole. Conduction heat transfer through the pipe wall and convective heat

transfer between heat carrier fluid and pipe’s inner wall is considered.
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Figure 2.12. Schematic and finite element representation of a single U-shape heat pipe (Al-
Khoury et al. 2005)

However, the application of the 1D pipe element causes some errors. First, in the actual
physical process, the pipe-grout temperature coupling occurs at a distance of pipe outer radius
from the pipe axis, while in 1D pipe element modeling, the outer pipe wall temperature is coupled
to the temperature field of the grout domains at the pipe axis. Moreover, the 1D pipe element
modeling does not consider the heat capacity of the pipes. To overcome the 1D pipe flow modeling
errors, Ozudogru et al. (2014) developed a 3D numerical model in COMSOL and proposed the
pseudo pipe approach. Pseudo pipes are two cylinders with a radius equal to the pipes outer radius
and centered at the two legs axis, with a very high thermal conductivity in the radial direction and
very low in the vertical direction. The heat capacity of the pipes is assigned to the pseudo pipe
elements, and as a correction factor, the pipe volume ratio is used to estimate the density of the
pseudo pipe elements. Han and Yu (2016) performed a series of sensitivity analyses and studied
the impact of the geological, design, and operational factors on the performance of the vertical
geothermal heat pump system, using a 3D finite element model in COMSOL. They utilized the

1D pipe element and simulated the steady-state and unsteady behavior of the GHE. They found
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that ground thermal conductivity and circulation fluid flow rate are two critical factors significantly
affecting the performance of the GHE. The result also showed that thermal energy could be
extracted more efficiently, and higher COP can be achieved in an intermittent mode in comparison
to the continuous operation mode. To study the heat transfer process in underground soil in the
vicinity of GHE, Zhang et al. (2020) conducted a small-scale laboratory experiment and also
developed a transient 3D finite element model in COMSOL in which a 1D pipe element was used
to represent the GHE. They applied the pseudo pipe element approach as proposed by Ozudogru
et al. (2014) to overcome the estimation errors of the 1D pipe element module. The developed

model was compared with experimental data and a good match was achieved.

2.4 Economic Assessment of Bridge deck de-icing using geothermal heat pump system.

To promote the application of the geothermal heat pump de-icing system (GHDS) on a large scale,
it is critical to study the financial feasibility of the system. In one of the available studies in the
literature, Ghasemi-Fare et al. (2015) investigated the cost analysis of the geothermal de-icing
system besides the feasibility assessment of this technology. However, their report did not explain
the cost and economic feasibility of this technology and instead fully focused on the life cycle
analysis (LCA) of de-icing salt. There are also multiple studies that discussed the project
construction cost besides the system’s performance, such as Spitler and Ramamoorthy (2000),
Minsk (1999), and Boyd (2003); however, the life-cycle cost-benefit analysis (LCCBA) of the
system has never studied. Moreover, a very plausible study on the economic viability of
electrically conductive concrete (ECON) heated pavement systems (HPS) was studied by Anand
etal. (2017). Although the research is focused on airport pavement heating using ECON, however,
it successfully gives insight into the economic performance of the heating system and provided

useful information regarding the economic analysis details and process.
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CHAPTER 3: EXPERIMENTAL SETUP

3.1 Introduction

The selected construction site is located at the West Division Street (SH 180) and Green Oaks
Boulevard Bridge (Dottie Lynn Parkway), Fort Worth, TX, as shown in Figure 3.1. The site is on
an abandoned asphalt pavement which was used by TxDOT for storage of reclaimed asphalt
pavement (RAP). The test site is in Tarrant County, which has a humid subtropical climate
characterized by moderate rainfall, mild temperatures, and abundant sunshine. The days are hot in
the summer, but temperatures exceeding 100 degrees are frequent only during periods when the
rainfall is below normal. The hot summer days are moderated somewhat by the dryness of the air
and by a steady south wind. The winters generally are mild except for several snowstorms in recent

years.

Figure 3.1. Photo of the construction site located in Fort Worth, TX
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3.2 Overview

Figure 3.2 presents the 3D model of the mockup bridge and the geothermal heating system. It
illustrates the design of the heated zone on the bridge deck. The dimensions of the heated area are
4.88 m x 11.43 m; however, only a 2.44 m x 7.32 m section was assigned for the application of
the external heating system. The mock-up bridge deck consists of three zones: an externally heated
zone, an internally heated zone, and a control zone. It utilizes both the traditional type of GHDS,
which uses a hydronic pipe embedded in the concrete slab and the newly developed method, which
utilizes an external hydronic pipe that is attached to the bottom surface of the bridge deck and
covered in a layer of insulation foam. In addition to the external heating system, which is the focus
of this study, the internal heating system was also designed in the mock-up bridge deck for
comparison purposes. The hydronic loops at the bridge deck consisted of 1.27 cm internal diameter
polyethylene (PEX) pipes with a 20.3 cm centerline spacing. Moreover, the end section of the

bridge deck was considered as a control area with no heating (Figure 3.3).
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Figure 3.2. 3D model of the experimental setup
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Figure 3.3. (a) Layout of the heated bridge deck; (b) A-A cross-section view of the bridge deck,

left: external heating zone, and right: internal heating zone (unit: in.)

Also, the experimental field setup consists of a 3 ton heat pump, 2 flow centers (including

4 circulating pumps), an expansion tank, and a geothermal borehole of 132.5 m (from ground level)

deep and 14.6 cm diameter, which hosted a single U-tube heat exchanger loops made of high-

density polyethylene (HDPE) pipe with a standard dimension ratio (SDR) of 11 and 3.45 cm inside

diameter. Besides 5-10 cm diameter temperature monitoring boreholes (TMBs), which were

equipped with thermistor strings and radially scattered around the geothermal borehole, were
drilled to investigate the temperature distribution in the soil and at different depths.

The system operates in two modes: full-load operation and bypass operation. As shown in

Figure 3.4(a), the control valves at the heat pump are closed and the flow goes through the heat

pump in the full-load operation mode. The geothermal heat pump is on in the full load operation

28



mode, which provides more heat to the bridge deck surface for snow/ice melting. In bypass mode,
as shown in Figure 3.4(b), the geothermal heat pump is off, and the heat carrier fluid directly
circulates through the bypass, into the hydronic loops on the bridge site and back to the ground
loop. Two heated zones, i.e., the internally heated, and externally heated zones, are operated
independently by a control valve. In all the tests, the goal is to melt the ice on the bridge deck

surface.

GLHE Side GLHE Side

Figure 3.4. System operation modes: (a) full load operation mode; (b) bypass operation mode

3.3 Instrumentation and Data Acquisition System (DAQ)

The geothermal system and the bridge deck were instrumented with temperature sensors to monitor
the system’s components and the bridge deck’s thermal response. Table 3.1 lists the type and
number of sensors used in each section. Also, Table 3.2 lists the instruments used in this project
and shows their measurement accuracy. The data acquisition system of this study consists of three
multiplexers and two data loggers (Figure 3.5). The Type-T thermocouples were connected to the
thermocouple multiplexer and a data logger. The thermistors and strings were connected to two
multiplexers and another data logger through a bridge completion circuit. All the sensors were

calibrated, and temperature outputs were recorded in the data logger.
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Table 3.1. Type and quantity of the thermal sensors used in each area

Externally Internally
Instrument Heated Zone | Heated Zone Subsurface
The_rmal wire .cable ) 1 1
(Pile Dynamics)
Type-T Thermocouple
i 22 2
(National Instrument) 3
Thermistor probe 4 ) ]
(GEOKON)
Thermistor probe
w/PVC house 2 3 -
(GEOKON)
Thermistor string ) ) 6
(GEOKON)
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Table 3.2 Instrumentation list

Instrument Manufacturer Quantity Accuracy

Thermal wire cable Pile Dynamics (PDI) 4 +0.2°C

Type-T Thermocouple National Instrument (NI) 27 +0.5°C

Thermistor Probe GEOKON 6 +0.2°C

Thermistor Probe- PVC house GEOKON 5 +0.2°C

Thermistor string GEOKON 6 +0.2°C

Flow Meter Sotera 2 +/-1%
*Voltage: +(0.2 % + 0.01 %)

Power Logger Fluke 1

*Current: (0.2 % + 0.02 %)

* Intrinsic Accuracy at Reference Conditions (% of Reading + % of Range)

Figure 3.5. Data loggers and multiplexers used in the data acquisition system: (a) 25-channel
solid-state thermocouple multiplexer; (b) Pile Dynamics TAP; (c) CR 1000X data logger; (d) 32-

channel relay multiplexer
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3.2 Construction of the Geothermal Mock-Up Bridge

The construction process of the prototype of the external geothermal bridge deck de-icing system

includes different stages:

Stage 1: Construction of the mock-up bridge deck

= Stage 2: Installation of the hydronic heating loops

= Stage 3: Bridge deck instrumentation

= Stage 4: Control room and geothermal system

= Stage 5: Subsurface soil and underground loop instrumentation

= Stage 6: Borehole drilling and underground loop installation

The model bridge was constructed during February and March of 2018. TxDOT Fort Worth
district has a stock of salvage I-beams and low-profile concrete traffic barriers (LPCTBS) at the
Little Road Yard, Arlington. With these materials along with the purchased PCP panels, the
research team built a mock-up bridge deck to implement the first full-scale prototype of the
external geothermal heating system. The bridge consists of prestressed concrete panels (PCPs) and
cast-in-place (CIP) concrete slabs (PCP-CIP) bridge deck of 12 - standard 2.43 m x 1.82 m x 10.16
cm PCP panels. After the materials were transported to the site, the concrete traffic barriers (CTBS)
were placed in their pre-specified locations, the 1-beams were affixed to them, and the PCP panels
were put atop the beams. Figure 3.6 shows the construction process of the mock-up bridge deck

setup.
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Figue 3.6. Construction procss of
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During stage 2 of the construction, the longitudinal and transverse #4 rebars were placed
on top of the PCP panels, with a maximum of 22.8 cm between them, using rebar chairs to keep
them at the appropriate depth. The installation of the internal heating loops followed the
conventional method. They were attached to the rebar and embedded in the top 10.16 cm of the
cast-in-place concrete deck, using the TXDOT Class S concrete mix, which is typically used for
bridge decks in Texas. Figure 3.7 shows the installation of the internal hydronic heating loops and

concrete casting during stage 2 of the construction process.

Figure 3.7. The construction process of stage 2: Internal hydronic loop and concrete casting

After the bridge deck was completed, the external heating pipes were attached to the bottom
surface of the externally heated zone using two-hole straps, then the pipes were covered with
cement paste to increase the thermal contact between the pipes and the concrete. Finally, thermal

insulation foam was applied to the entire surface to prevent heat loss from the bottom, and valves
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were installed to control the operation mode and the heated section of the bridge deck. Figure 3.8
shows the installation of the external hydronic heating loops and applying the insulation foam to

the bottom surface of the externally heated zone during stage 2 of the construction.

Figure 3.8. The construction brocess of stage 2: External hyd

7 3
-

4 BN

ronic loop and applying insulation

foam.

Figure 3.9 shows the inlet and outlet pipes of the externally and internally heated zone.
First, PEX pipes were connected to the main HDPE pipe and then pulled into the control room to
be connected to the heat pump. Several valves were also installed to control the flow direction

toward the heated zone.
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Figure 3.9. Hydronic loops inlet and outlet pipes

Stage 3 of the construction process was the instrumentation of the mock-up bridge deck to
monitor the hydronic heating system’s performance and thermal response of the bridge deck
(Figure 3.10). Bridge deck instrumentation includes a total of 3 thermal strings (Pile Dynamics),
6 thermistors with bead only (GEOKON), 5 thermistors with PVC house (GEOKON), and 25
thermocouples were installed throughout the mock-up bridge deck. All the sensors are calibrated
internally by the data logger. The locations of the sensors are different between external heating
and internal heating. Figures 3.11 and 3.12 illustrate the sensor locations on different planes on the

externally and internally heated zone, respectively.
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Figure 3.11. Plan view of sensor locations in the externally heated zone (Unit: in.): (a) Z=0; (b)
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Figure 3.12. Plan view of sensor locations in the internally heated zone (Unit: in.): (a) Z=0; (b)
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Stage 4 of the fieldwork was to build a control room to host the system’s main components,
which includes one heat pump, two flow centers, four circulating pumps, and one expansion tank.
It also hosts the data acquisition system, including the data loggers and multiplexers (Figure 3.5).
Figure 3.13 shows an overview of the control room and its components. Two sets of thermocouples
were attached to the inlet and outlet pipes in the control room to monitor the inlet and outlet
temperature of the heat carrier fluid on the ground and bridge deck side (Figure 3.14). In addition,
a bypass was provided so that the system could operate in two modes: full-load and bypass. Flow
meters were also installed to measure the flow rate of each side. Finally, the pipes were connected,
and the system was flushed with a 20% propylene glycol solution and tested for any possible

leakage.
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Figure 3.13. Overview of the control room
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Inlet

Figure 3.14. Inlet/outlet temperature sensors: (a) GHE; (b) Bridge deck hydronic loops

A very simple control system was used to control the system’s operation. A simple
thermostat was wired to the heat pump to control the operation of the heat pump (Figure 3.15).
The thermostat was controlled by an external thermistor which was attached to the inlet pipe to the
bridge deck to measure the inlet fluid temperature. This sensor controls the supplied water
temperature to the bridge deck which gives this opportunity to the operator to decide the supplied
heating load according to the forecasted weather. However, it should be noted that the whole
system, including the four circulating pumps, was turned on/off manually and pumps were on
during the entire test.

Stage 5 and 6 of the construction processes involved one geothermal borehole and five
temperature-monitoring boreholes that were drilled and equipped with temperature sensors to
monitor the temperature at various distances from the geothermal borehole. Boreholes were drilled
in the locations specified by the design of the GHE. A 14.6 cm diameter geothermal borehole was
drilled 132.5 m deep (from ground level), then the previously prepared and the instrumented
ground loop was inserted in the borehole. Eventually, the borehole was grouted and allowed to

settle. To facilitate the installation of the temperature sensors, which were in the form of thermistor
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string, they were attached to a PEX pipe which was filled with rebars. After they were installed,

the monitoring boreholes were grouted with the same material used for the geothermal borehole.
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Figure 3.16. Subsurface soil and underground loop instrumentation
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A 1.5 m deep trench was excavated to lay the groundwork for connecting the GHE to the
control room. Header pipes of 3.17 cm diameter were connected to the GHE using socket fusion
coupling, and the sensor’s cable was laid down on the bottom of the trench. The trench was then
backfilled with the excavated soil. The horizontal header pipes were bundled together during the
backfill process. The embedment depth of the HDPE pipes in the trench varied due to the bending
of the pipes near the intersections of elevation changes. Due to the fragility of the sensor cables,
the backfilling operation was performed with extreme caution. Figures 3.16 and 3.17 illustrate the
fieldwork during stages 5 and 6 of construction.

The subsurface monitoring system consists of five 10 cm-diameter temperature monitoring
boreholes (TMBs), which are equipped with thermistor strings and radially scattered around the
geothermal borehole to investigate the temperature distribution in the soil and at different depths.
Also, two thermistor strings were attached to the outer surface of the GHE legs to monitor the pipe
and grout interface temperature variation. Table 3.3 shows the details of the radial distance to the
geothermal borehole and node depth for each thermistor string. An additional thermistor string
was also attached to the header pipe in the trench to investigate the soil-pipe interface temperature
variation in the trench. Figure 3.18 illustrates the schematic of the thermistor string attached to the

header pipe in the trench.
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Table 3.3. Details of GHE and TMBs thermistor strin

Thermistor strin Inlet Qutlet | TMB | TMB | TMB | TMB | TMB
g pipe pipe 1 2 3 4 FF
Radial Distance (m) ~0 ~0 045 | 0.6 0.9 1.5 7.5
Sensor node Depth from the surface (m)
#1 0.8" 0.8" 0.6 0.9 0.9 1.2
#2 1.17 0.8 1.8 1.5 1.8 4.0
#3 1.7 1.17 3.4 o 3.0 3.4 10.1
#4 2.3 2.3 6.4 o 6.1 6.4 | 19.2
#5 3.2 38 | 94| 3 91 | 94 | n/a
#6 4.7 5.3" 14.0 8 13.7 | 140 | n/a
#7 6.2 6.9 186" | 3 18.3" | 18.6" | n/a
#8 7.8 8.4 na | . na | nla | nla
#9 9.3" 13.0° | n/a ‘5 n/a na | n/a
#10 13.9 175" | nla n/a n/a n/a
#11 18.4" 29.7 n/a n/a n/a n/a
#12 30.6 n/a n/a n/a n/a n/a
* The sensor has malfunctioned.
Control Room
sam Tren ch |1
45 .44 43 23. -

Figure 3.18. Header pipes’ thermistor string
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CHAPTER 4: ANOVEL FULL-SCALE EXTERNAL GEOTHERMAL
HEATING SYSTEM FOR BRIDGE DECK DE-ICING

4.1 Abstract

The utilization of geothermal energy for melting snow and ice on bridge decks has been shown to
be effective. However, the existing geothermal heating systems work through hydronic loops
embedded inside the bridge deck and therefore are only applicable to new bridges. A new external
geothermal heating design for bridge de-icing has been explored in concept and tests in the
laboratory, showing great implementation potential. This study presents the design and
implementation procedure of a novel external geothermal heating system on a full-scale bridge
deck for de-icing operations in field conditions for the first time. It tests and analyzes the system's
heating performance and the bridge deck's thermal response under several winter events. The
details and information pertaining to the design and construction of the hydronic loops, a ground
loop heat exchanger (GLHE) monitoring system, are presented and can be pivotal for the designers
of similar projects. The test results showed that the system was successful in de-icing the bridge
deck and maintaining the bridge deck surface temperature above freezing in the event with a
minimum ambient temperature of -6.2 °C. The de-icing system requires about 7-8 hours of pre-
heating to reach its maximum performance; however, less time is required during mild events.
Moreover, this research investigated the performance of the system, and the experimental results
showed an average system coefficient of performance (COP) of approximately 4.6 and a heating

efficiency of about 55 %.
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4.2 Introduction

Severe winter weather conditions adversely affect transportation networks and endanger the safety
of motorists. Bridges, key transportation network elements, are the first sections of the roads to
experience freezing temperatures, due to the exposed bottom surfaces; roads are less susceptible
to freezing because of the insulated bottom surface provided by the ground. De-icing salts
traditionally have been used to prevent snow/ice accumulation on bridge decks, and while its
application is effective, it can induce several problems, such as a phenomenon known as “chloride
attack.” Corrosion of steel reinforcement is the net outcome of the chloride attack, which
eventually causes serious durability problems for the concrete pavement and structures (Baboian
1992; Granata and Hartt 2009; White et al. 2005; Yunovich et al. 2003). The application of de-
icing salt also provokes other problems, such as negative environmental impacts (Fischel 2001).
Thus, it is essential to implement a sustainable method that prevents the corrosion of bridge decks,
and enhances safety and traffic flow, while leaving minimal environmental footprints.

The heated bridge technology, utilized with geothermal energy, is a potential solution to
snow-covered and icy bridge decks. Geothermal energy is a reliable source of energy and a viable
alternative to fossil fuel. While the ground surface temperature fluctuates with weather conditions,
the temperature below a certain depth is relatively constant (Brandl 2006). This thermal gradient
provides an opportunity to harvest shallow geothermal energy. Several methods of extraction and
application of shallow geothermal energy are available. Boreholes and geostructures, such as
foundations, diaphragm walls, tunnel liners, and anchors, can be used to draw energy from the
earth and be utilized for various heating and cooling purposes (Barla et al. 2016; Binod et al. 2012;
Mimouni et al. 2014; Nam and Chae 2014; Sterpi et al. 2018a; c; Zhang et al. 2013). The

application of geothermal energy that has been developed in recent years is the use of a geothermal
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heat pump de-icing system (GHDS) to melt snow and de-ice pavement and bridge decks. In this
system, the heat carrier fluid circulates between the ground loop heat exchangers (GLHE) and the
hydronic loops installed in the bridge deck or pavement, and the heat pump helps the fluid reach
the ideal temperature for melting snow and ice on the surface. However, although there are other
available technologies for bridge deck and pavement heating, such as heat-pipe (Chi et al. 2019;
Nydahl et al. 1987) and electrical (Malakooti et al. 2020; Zhao et al. 2010), the ground-coupled
hydronic heating system has shown a higher potential.

Lund and Minsk reported multiple applications of the geothermal heat pump de-icing
system for bridge decks in the U.S. (Lund 1999; Minsk 1999). Their studies focused on the design,
construction, and cost data, but provided less information on the performance of the system during
snow/ice events. Although their projects were among the first that employed this technology,
positive control of snow and ice were observed. Spitler and Ramamoorthy investigated a bridge
deck de-icing systems that used a ground source heat pump system (GSHP) (Spitler and
Ramamoorthy 2000) and demonstrated the simulation methodology and design of the system. In
another study, they investigated the numerical model and snow melting process occurring on the
surface and described the model development (Liu et al. 2007). The model was successful in
predicting the transient surface conditions, including the temperatures and extent of snow cover
(Liuetal. 2007), and was experimentally validated and successfully tested (Liu et al. 2007). Balbay
and Esen were the first to study the practicality of using a ground source heat pump system for
snow melting on pavements and bridge decks in Turkey (Balbay et al. 2010). Their research
demonstrated the performance of the system and provided valuable information regarding slab
temperature and coefficient of performance (COP). Ghasemi-Fare et al. examined the feasibility

of the geothermal de-icing system and proved the feasibility of this technology through numerical
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and experimental investigation (Ghasemi-Fare et al. 2015). They employed proof-of-concept
testing to assess the operational basis and key design parameters. Similar to the bridge deck
application, the geothermal heat pump de-icing system has also been effective in heating road units
(Mirzanamadi et al. 2020; Zhao et al. 2020). In an attempt to reduce the installation cost of
geothermal bridge snow melting system, the feasibility of employing energy piles for bridge deck
snow melting system has investigated in which it is found the system performance is dependent
upon the geological and snow conditions of a particular region, as well as the design snow removal
criteria, and usually is applicable only to regions with high underground temperature (Han and Yu
2018, 2017; Liu et al. 2019). A more recent study showed that the application of a geothermal heat
pump de-icing system could be economically viable for bridges that have a minimum daily traffic
volume of 7000 vehicles, while a benefit-cost ratio (BCR) of 2.6 can be achieved for a daily traffic
volume of 24000 vehicles (Habibzadeh-Bigdarvish et al. 2019). All of the aforementioned studies
utilized the typical form of geothermal heat pump de-icing system in which hydronic loops are
embedded in the concrete slab, which is unfortunately limited to new bridges. A new method has
been developed, however, that employs an external hydronic pipe that is attached to the bottom
surface of the slab and encapsulated in a layer of insulation materials, such as insulation foam (Yu
et al. 2019).

The Texas Department of Transportation (TxXDOT) has been investigating the
implementation of this system on Texas bridges over the past few years (Yu et al. 2017), to develop
a system that can be used for both existing and to be constructed bridges. Li et al. conducted
preliminary research on externally heated geothermal bridge decks, using numerical analysis, and
showed that the proposed externally heated geothermal bridge deck can successfully de-ice bridge

decks in mild winter weather conditions (Li et al. 2018). The same research group conducted
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another study on the feasibility of externally heated geothermal bridge decks and tested the system
performance of a laboratory-scale bridge deck in the environmental chamber. A series of heating
tests were performed under various heating conditions to assess the efficiency of the heating
performance and heat transfer of the external heating design (Yu et al. 2019). Moreover, a
comprehensive analysis of the heat transfer mechanism and energy balance of the externally heated
deck was conducted using a 3D numerical model, which was calibrated using the experimental
results obtained in the environmental chamber (Li et al. 2020). However, the previous
experimental studies on the externally heated bridge deck are limited to the laboratory-scale test
on the 1.8 m x 1.2 m concrete slab with 10.16 cm thickness while the bridge deck thickness is
usually double in thickness. The laboratory tests were limited to the room temperature as low as
4.4 °C, and no test under actual freezing winter weather has been performed. Moreover, the
laboratory tests only focused on the hydronic heating loops and heating performance of the bridge
deck; they never studied the overall system performance of the externally heated bridge deck as
they didn’t employ any geothermal systems in the test setup. Therefore, the implementation of the
novel externally heated geothermal heating system on a full-scale bridge deck is needed to
comprehensively investigate the performance of the proposed system under operational conditions
and in real winter events.

The primary objective of the current study is to test and analyze the full-scale external
geothermal heating system performance in de-icing the bridge deck surface under actual winter
weather conditions. Also, it demonstrates the design, construction, and implementation procedure
of the first full-scale external geothermal heating system for bridge deck de-icing. The remainder
of this paper discusses the de-icing system performance and the thermal response of the bridge

deck during cold winter events. The heating efficiency of the de-icing system is investigated, and
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the design surface heat flux of the system is compared with the actual heating performance of the
system. Finally, an equation is presented based on the heating efficiency of the de-icing system to
be used for the future design of the required heating load of the external geothermal heating system

for bridge deck de-icing.

4.3 Description of De-icing and Monitoring System

4.3.1 Test Site

The mock-up of the externally heated bridge deck was constructed in the Dallas-Fort Worth
metroplex in Texas, USA. The test site has a humid subtropical climate that is characterized by
moderate rainfall, mild temperatures, and abundant sunshine (Koppen 1936). Figure 4.1 shows the
weather information of the region from the nearest weather station to the test site (DFW
International Airport). The region has annual high and low temperatures of 25 °C and 14 °C,
respectively (Gardiner et al. 2019). In general, July and August are recorded as the hottest months,
with an average high of 35.5 °C. January is typically regarded as the coldest month, with an average
low of 2.9 °C (Gardiner et al. 2019). The average annual rainfall accumulation is 95.3 cm, with an
average of 81 days with precipitation. Most of the precipitation is due to thunderstorm activity that
occurs most frequently in the spring and is classified by occasional heavy rainfall over short
periods. On average, the region experiences 5 cm of snowfall annually (Gardiner et al. 2019).
Although the region is known for mild winters, it has experienced several snowstorms in recent
years, such as the snowstorm on March 4-5, 2015, which was the fourth-largest ever recorded in
the region in a 24-hour period during March. Over two days, 8.89 cm of snow fell, and the average

ambient temperature recorded was approximately —2.2°C.
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Figure 4.1. Test site weather information (Source: U.S. Climate Data)

The boring logs of a nearby bridge show that the site has relatively uniform soil layers:
sandy clay with alternating sand/gravel seams covers the top 12.2 m, followed by a limestone
layer. The boring logs stop at 18.3 m. Based on local knowledge of the region, it is estimated that
the limestone extends to a depth that is of interest to the study. The groundwater table was
encountered at 4.6 m below the ground surface at the time of drilling. Figure 4.2 illustrates the
ground temperature profile recorded by one of the on-site temperature-monitoring boreholes, and
the result represents the average monthly ground temperature variations up to 14 m below the
surface. The formation thermal response test was carried out on-site by a contractor from July 30
to August 1, 2019, and the results showed that the soil formation has a thermal conductivity of 1.
99 W/m.K and thermal diffusivity of 0.078 m?/day. The undisturbed temperature of the soil was

observed to be about 21.4 °C during the test.
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Figure 4.2. Test site ground temperature profile

4.3.2 Design of the Mock-up Geothermal Bridge

4.3.2.1 Overview

The purpose of the mock-up geothermal bridge was to provide a bridge deck surface on which to
practice melting snow and ice. The geothermal heat pump de-icing system (GHDS), a ground-
coupled heat pump system that utilizes the heat output of the system to de-ice and melt snow on
the surface, was utilized for heating the bridge deck. The heat carrier fluid circulated in a closed
loop between the ground loop heat exchangers and hydronic pipes in contact with the deck to
transfer the heat from the ground to the bridge deck surface. Figure 4.3 shows the schematic
diagram of the mock-up geothermal bridge and the different components of the GHDS. The mock-
up bridge deck consists of three zones: an externally heated zone, an internally heating zone, and

a control zone. It utilizes both the traditional type of GHDS, which uses a hydronic pipe embedded
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in the concrete slab, and the newly developed method, which utilizes an external hydronic pipe
that is attached to the bottom surface of the bridge deck and encapsulated in a layer of foam. In
addition to the external heating system, which is the focus of this study, the internal heating system
was also designed in the mock-up bridge deck for comparison purposes. However, as a sufficient
number of tests have not yet been performed on the internally heated zone, no comparison has
been carried out, and only external heating system performance is discussed in this study.

Moreover, the end section of the bridge deck was considered as a control area with no heating.

Mock-up Bridge Deck

Control Zone

Control Room

Th stal =—‘ .
ermosta ET] Heat Pump
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Figure 4.3. Schematic diagram of the mock-up geothermal bridge design (only the externally
heated zone is tested in this study)

4.3.2.2 Mock-up Bridge and Hydronic Heating System

The mock-up bridge was designed to represent most of the bridges owned by TxDOT, which are

CIP-PCP bridges consisting of precast, prestressed concrete panels (PCPs) and a cast-in-place

54



(CIP) concrete deck (Merrill 2002). The model bridge deck was designed to be constructed of 12
standard 2.43 m x 1.82 m x 10.16 cm PCP panels, 12 m I-beams, and two standard concrete traffic
barriers (CTBs). The bridge was designed so that the PCP panels would rest on the 1-beams, and
the whole structure would be supported by the CTBs on both ends. The plan called for 10.16 cm

of concrete to be cast on the surface, to complete the 20.32 cm thick bridge deck.
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Figure 4.4. The design of the mock-up bridge deck: (a) Plan view of the bridge deck, (b) Cross-
sectional view of the bridge deck

Figure 4.4 shows the plan and cross-sectional view of the mock-up bridge and illustrates
the design of the externally heated zone on the bridge deck. The dimensions of the bridge slabs
were 4.88 m x 11.43 m, and included 12 standard PCP panels; however, only a 2.44 m x 7.32 m

section was assigned for the application of the external heating system. The hydronic loops at the
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bridge deck consisted of 1.27 cm internal diameter polyethylene (PEX) pipes with a 20.32 cm
centerline spacing. The remaining portion of the bridge deck was considered as the control section,
which would aid in assessing the efficiency of the heating system. It should be noted that the
internally heated zone was completely inactive during this study, therefore, assumed as a

controlled zone.

4.3.2.3 Required Heat Flux

Geothermal snow melting systems provide sufficient heat flux to melt snow or ice on the bridge
deck surface. The heat flux required is determined and maintained in order to prevent snow/ice
formation under specified winter weather conditions. The objective of this section is to estimate
the required heat flux for the mock-up bridge under specified weather conditions. The ASHRAE
handbook design table and Chapman and Katurnich prediction equation were used to estimate the
required heat flux (American Society of Heating and American Society of Heating 2015; Chapman
and Katunich 1956).

The ASHRAE handbook provides the required heat flux for different cities in the USA.
Amarillo is the only city in Texas included in the handbook for which the required heat flux for
64 hours of annual snowfall for different snow-free area ratios and reliability percentages is
provided, as shown in Table 4.1.

Table 4.1. Required heat flux at steady-state conditions (Source: ASHRAE, 2015)

Snowfall Snow-Free | Heat Fluxes Not Exceeded During Indicated Percentage of Snowfall
Location | Hours per | Area Ratio Hours from 1982 Through 1993 (W/m?)
Year (An) 75% 90% 95% 98% 99% 100%
. 1 356.2 472.9 529.6 | 668.3 | 718.8 | 1002.5
AmTaQ"O’ 64 0.5 2238 | 2774 | 3405 | 390.9 | 447.7 | 9615
0 75.7 145.0 1955 | 280.6 | 362.5 920.5
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Chapman and Katunich (1956) their provided a general equation (Equation 1) for
computing the steady-state energy balance for required total heat flux (go) at the upper surface of
a snow-melting slab during a snowfall(Chapman and Katunich 1956). Their equation is based on
four environmental factors that determine the heating requirement for snow melting: rate of

snowfall, air temperature, relative humidity, and wind velocity.

o =9qs + dm + Ar(qn + qe) (41)

Where o is heat flux required at the snow-melting surface in W/m?, g is the sensible heat
flux in W/m?, gm is the latent heat flux in W/m?, A,. is a dimensionless snow-free area ratio, gn is
the convective and radiative heat flux from the snow-free surface in W/m?, and g is the heat flux
of evaporation in W/m?2,

Table 4.2 presents a summary of the two approaches taken to estimate the heat fluxes for
melting snow on the mock-up bridge. The first approach assumed that the bridge was located in
Amarillo, Texas (data are taken from the ASHRAE Handbook) (American Society of Heating and
American Society of Heating 2015), and applied a heat flux corresponding to a snow-free area
ratio of 0.5 and 95% reliability. It is worth noting that in 1999, a similar geothermal de-icing system
with smaller heat flux was implemented for two bridges in Amarillo. Although the required heat
flux of the project was considered as 129 W/m?, the objective of the project was ice prevention
(anti-icing) rather than snow melting. The hydronic heating loops in these two bridges were
embedded in the concrete deck (internally heated bridge deck) (Minsk 1999). The second approach
considered the snowstorm at DFW in March 2015, an extreme case, and applied Equation 1, even
though, considering the weather history of the DFW metroplex, it would have been acceptable to
select a more moderate case for the required heat flux. In conclusion, It was decided to design the

geothermal system based on the required heat flux of 340.2 W/m?2.
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Table 4.2. Summary for required heat flux at the mock-up bridge deck surface

Scenario Required heat flux
Amarillo, TX (1) 340.2 W/m?
DFW, TX (2) 1080 W/m?

4.3.2.4 The Ground Loop Heat Exchanger (GLHE)

The main objective in designing the GLHE was to determine the smallest size that could provide
sufficient heat output for melting the snow and ice. The proper design was of utmost importance
because an undersized bore field can cause performance failures, and an oversized bore field
results in an uneconomical system (Monz0 et al. 2016). A variety of geological formations and
properties complicate the design of vertical ground heat exchangers and eventually affect the
thermal performance (Kavanaugh 1997). Figure 4.5 shows the design procedure followed in this
study for determining the proper size of the GLHE in this study. First, the design weather condition
was chosen. In this step, weather data were collected, and the weather history of the region was
investigated. Then the required heat flux for bridge deck snow/ice melting was calculated based
on the weather data. The process of calculating the required heat flux is shown in section 2.2.3 and
the result is shown in Table 4.2. Then, the peak hourly and monthly heating loads were calculated
according to the area of the bridge deck and snowfall hours, respectively. The result is shown in
Table 4.3. In the calculation of the monthly heating load, it was assumed that 64 hours of snowfall
per year (refer to Table 4.1) is only happing during the three months of the winter season i.e. 21.3
hours in December, January, and February, respectively. Next, a heat pump was selected which
was able to work in a system with the calculated heating load; EWT and flow rates were specified
and heat pump and GLHE heating loads were selected from the heat pump heating performance

datasheet. Afterward, the design and operational parameters were selected (Table 4.4). If the
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required data were not available, a reasonable assumption was made. Finally, all data were inputted

to the design tool software e.g. GLHEPro and the GLHE size was computed.
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Figure 4.5. GLHE design diagram

In this study, GLHEPro software, which was developed based on the g-functions method
presented by Eskilson (Eskilson 1987), was utilized to calculate the size of the GLHE (Spitler
2000). It was found that a single borehole that is 132.5 m deep and 14.6 cm wide is sufficient to
supply enough heat for snow melting/de-icing the mock-up bridge deck. Figure 4.6 shows the
details of the geothermal borehole design. However, since this was the first attempt in designing
the GLHE size for use in the external geothermal heating system, they were many uncertainties in
calculating the design heating load for snow melting and de-icing the bridge deck surface. The
difference between the external and internal heating system is located in the installation details. In
the external heating system, there is a greater distance between the heating source and the bridge
deck surface which yields to more heat loss and the need for a larger heat supply. However, it was
tried to consider some overestimations and underestimations to account for the additional heat
requirement of the external heating systems. Firstly, greater required heat flux was assumed in
comparison with a similar project as explained in section 2.2.3. Secondly, the operational

parameters such as entering water temperature (EWT) were selected with underestimation in
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comparison to the ground temperature potential. Also, the design peak hourly heating load was
estimated with 50% overestimation in comparison to the required heating load, i.e. the design peak
hourly heating load on the heat pump and GLHE considered as 9.34 kW and 6.94 kW, respectively.
It means the design surface heat flux is equal to 524.7 W/m?, assuming 35% heat loss in the bridge
deck. lastly, the ground thermal recharge was neglected, and the design was conducted only based
on the heating operation mode. The outcome of all these considerations led to an overestimation
of GLHE size. However, a more proper design can be performed after the external geothermal
heating system is tested and the heating efficiency of the system is investigated. The heating
efficiency of the system determines how much overestimation should be considered in designing
the GLHE of an external geothermal heating system.

Table 4.3. Required heating loads

Required heat flux Area of_snow Peak hp urly Monthly snow Total mo nthly
melting heating heating
340.2 W/m? 17.8 m? 6.07 kW 21.3 hours 129 kWh
Table 4.4. GLHE design and operational parameters
Parameters Value
Undisturbed soil formation temperature (Tg) 21.4°C
Soil thermal conductivity (Ksoil) 1.99 W/m.K
Grout thermal conductivity (Kgrout) 1.38 W/m.K
Diameter of borehole (Dbore) 13.97 cm
Diameter of pipe (Dpipe) 3.17 cm
Flow regime Turbulent
Bore layout 1x1
Heat carrier fluid 20% Propylene Glycol solution
Heat pump full-load heating performance data

Heat pump size 3 Ton

Minimum entering water temperatures (EWTmin) 7.2°C
Flow Rate 3.78 I/min
Heat pump heating capacity (CAP) 9.34 kW
GLHE heat extraction (HE) 6.94 kW

COP 3.9
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Figure 4.6. The final design of the GLHE

4.3.3 Construction of the Bridge Deck Prototype

The mock-up bridge was constructed during February and March of 2019, and the various stages
of construction are depicted in Figure 4.7. After the materials were transported to the site, the
concrete traffic barriers (CTBs) were placed in their pre-specified locations, the I-beams were
affixed to them, and the PCP panels were put atop the beams. The longitudinal and transverse #4
rebars were then placed on top of the PCP panels, with a maximum of 22.8 cm between them,
using rebar chairs to keep them at the appropriate depth. The installation of the internal heating
loops followed the conventional method. They were attached to the rebar and embedded in the top
10.16 cm of the cast-in-place concrete deck, using the TXDOT Class S concrete mix, which is
typically used for bridge decks in Texas. After the bridge deck was completed, the external heating
pipes were attached to the bottom surface of the externally heated zone, using two-hole straps, then

the pipes were covered with cement paste to increase the thermal contact between the pipes and
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the concrete. Finally, thermal insulation foam was applied to the entire surface to prevent heat loss
from the bottom, and valves were installed to control the operation mode and the heated section of

the bridge deck.

Figure 4.7. Installation of the hydronic loops: (a) Hydronic loops installed on the bottom surface
of the externally heated zones, then covered by a cement paste, (b) A layer of polyurethane foam
applied to the deck bottom

The construction of the ground loop heat exchangers (GLHE) involved one geothermal
borehole and five temperature-monitoring boreholes that were drilled and equipped with
temperature sensors to monitor the temperature at various distances from the geothermal borehole.
Boreholes were drilled in the locations specified by the design of the GLHE. A 14.6 cm diameter
geothermal borehole was drilled 132.5 m deep (from ground level), then the previously prepared
and the instrumented ground loop was inserted in the borehole. Eventually, the borehole was
grouted and allowed to settle. To facilitate the installation of the temperature sensors, which were

in the form of thermo-string, they were attached to a PEX pipe. After they were installed, the

borehole was grouted with the same material used for the geothermal borehole.
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A 1.5 m deep trench was excavated to lay the groundwork for connecting the GLHE to the
control room. Header pipes of 3.17 cm diameter were connected to the GLHE using socket fusion
coupling, and the sensor’s cable was laid down on the bottom of the trench. The trench was then
backfilled with the excavated soil. The horizontal header pipes were bundled together during the
backfill process. The embedment depth of the HDPE pipes in the trench varied due to the bending
of the pipes near the intersections of elevation changes. Due to the fragility of the sensor cables,
the backfilling operation was performed with extreme caution. Figure 4.8 illustrates the
construction stages of the geothermal and temperature-monitoring boreholes.

The last step in construction was to build a control room to host the system’s main
components, which included one heat pump, two flow centers, four circulating pumps, and one
expansion tank. Figure 4.9 shows an overview of the control room and its components. In the
control room, the pipes of the bridge side were connected to the ground side, and a simple single-
stage heating thermostat was wired to the heat pump to control its operation. In addition, a bypass
was provided so that the system could operate in two modes: full-load and bypass. In the full-load
operation mode, the control valves of the heat pump are closed and the flow goes through the heat
pump. In the full load operation mode, the geothermal heat pump is active; while in bypass mode,
the geothermal heat pump is off, and the heat carrier fluid circulates directly through the bypass.
Flow meters were also installed to measure the flow rate of each side. Finally, the pipes were
connected, and the system was flushed with a 20% propylene glycol solution and tested for any

possible leakage.
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Figure 4.8. Construction of the GLHE: (a) Drilling the boreholes, (b) Insertion of the ground
loop into the geothermal borehole, (c) Insertion of TMB's PEX pipe, (d) Connection of the
ground loop pipes to the header pipes in the trench.

Figure 4.9. Overview of the control room

64



4.3.4 Instrumentation and Monitoring System

The geothermal system and the bridge deck were instrumented with temperature sensors to monitor
the system’s component and bridge deck's thermal response. Table 4.5 lists the instruments of this
study and shows their measurement accuracy. The data acquisition system of this study consisted
of three multiplexers and two data loggers. The T-type thermocouples were connected to the
thermocouple multiplexer and a data logger. The thermistors and strings were connected to two
multiplexers and another data logger through a bridge completion circuit. All the sensors were
calibrated, and temperature outputs were recorded in the data logger. Although multiple
temperature sensors at different coordinates were installed on the bridge deck, this study has only
utilized the data of the two representative sensors located at 2.5 cm below the deck surface on the
heated and non-heated zone, respectively (Figure 4.10 (a)). Moreover, the Type-T thermocouple
was utilized to monitor the inlet/outlet fluid temperature of the bridge deck and the underground
loop (Figure 4.10 (b) and (c)). The thermocouples were attached to the outer surface of the pipes
and then insulated and protected.

Table 4.5. Instrumentation list

INSTRUMENT MANUFACTURER QUANTITY ACCURACY
Thermal wire cable Pile Dynamics (PDI) 4 +0.2°C
Type-T Thermocouple National Instrument (NI) 27 +0.5°C
Thermistor Probe GEOKON 6 +0.2°C
Thermistor Probe- PVC house GEOKON 5 +0.2°C
Thermistor string GEOKON 6 +0.2°C
Flow Meter Sotera 2 +-1%
*Voltage: +(0.2 % + 0.01 %
Power Logger Fluke 1 *Curre%t: i((O.Z % +0.02 %;

* Intrinsic Accuracy at Reference Conditions (% of Reading + % of Range)
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Figure 4.10. Instrumentation: (a) The temperature sensor node from Pile Dynamics thermal wire
cable at 2.5 cm below the deck surface, (b) Bridge deck inlet/outlet temperature sensors, ()
Geothermal borehole inlet/outlet temperature sensors

A very simple control system was used in this study. A simple thermostat was wired to the
heat pump to control the operation of the heat pump. The thermostat was controlled by an external
thermistor which was attached to the inlet pipe to the bridge deck to measure the inlet fluid

temperature. This sensor controls the supplied water temperature to the bridge deck which gives

this opportunity to the operator to decide the supplied heating load according to the forecasted
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weather. However, it should be noted that the whole system, including the four circulating pumps,
was turned on/off manually and pumps were on during the entire test. It should be noted that the
focus in the initial tests was more on the heating performance and de-icing feasibility of the
external hydronic pipes and less attention has been paid to the optimal control system. However,
the research team is going to design a more advanced control system in the future which works
automatically according to the weather condition and is able to control all components of the

system.

4.4. Results and Discussion of The Operation Tests

4.4.1 Winter Test Process

Winter climatic conditions were closely monitored from November of 2018 to March 2019. The
geothermal system was operated when a cold front with below-freezing temperatures was
forecasted. Figure 4.11 presents the collected weather data from different sources, namely
thermocouple measurements on-site, weather station (Vaisala WXT530) data from the site, and
online data from various sources (Weather Underground 2019). The on-site thermocouple was
located approximately 30 cm above the roof of the control room. The air temperature
measurements from the on-site thermocouple were in good agreement with the data obtained from
the online source, which was recorded from a weather station located at the DFW International
Airport, 15 miles from the site. Time delays in temperature measurement were observed as a result
of different locations. This comparison shows that the ambient temperature measurement, using
the thermocouple on site, is a reliable source for air temperature since it matches the on-site

weather station data and is very close to the online source data.
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Figure 4.11. Collected weather data from different sources for the period of Jan. to Mar. 2019

The de-icing system was operated in several modes, depending on the operational condition
of the geothermal heat pump and the heated deck. The geothermal heat pump was switched off
when the winter event was mild and the heat demand was less - i.e. when the minimum ambient
temperature was greater than —2.5°C. In all the tests, the goal was to melt the ice on the bridge
deck surface. Table 4.6 summarizes the seven winter tests performed in the winter of 2018-2019.
The start and end times were the operation period when the geothermal system was switched on.
The number of freezing hours were determined from the air temperature measured by the
thermocouple installed at the bridge site. The number of freezing hours, minimum air temperature,
and average air temperature during the freezing period were obtained to characterize the winter
events. The last column of Table 4.6 describes the operation mode of the geothermal system during

each winter test.
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Table 4.6. The details of operation tests and weather conditions

Ambient temperature Operation

Test Start End # Hr. of Average Minimum mode
freezing (°C) (°C)

#1 11/13/18 13:00 11/16/18 12:00 9.00 -1.3 2.2 Bypass
#2 12/31/18 16:00 1/5/19 13:32 5.47 -0.3 -0.8 Full load
#3 1/19/19 11:28 1/22/19 16:49 9.87 2.4 -5.3 Full load
#4 1/24/19 11:25 1/29/19 12:55 14.90 -1.7 -4.2 Full load
#5 217119 22:02 2/12/19 9:19 11.70 2.4 -4.3 Full load
#6 2/17/19 16:50 3/3/19 11:17 12.48 -0.7 -1.4 Bypass
#7 3/4/19 2:50 3/6/19 9:53 36.10 -3.5 -6.2 Full load

average and minimum surface temperatures during the freezing period were obtained from
the sensor node, which was embedded in the concrete, approximately 2.5 cm below the deck
surface (Figure 4.10 (a)). This sensor was selected as representative of the bridge deck’s
temperature response during the coldest period of the winter test. The bridge deck temperature
during the other periods of operation was higher than the temperature recorded when the air
temperature was below freezing. Figure 4.12 shows that the system was capable of keeping the
heated surface temperature above freezing during all of the events. Unfortunately, the surface
temperature data of the externally heated zone are not available for Test #6 and not presented in
Figure 4.12. Test #5 was selected as the example of the winter tests, and a detailed discussion of
the system performance is presented in the following section. It should be noted that only some
representative sensors were used in discussing the system performance; all of the data collected
from the tests are not presented. Also, due to an issue in the data acquisition system, the thermistor
strings measurements in the geothermal borehole and four TMBs malfunctioned and no data during

the first winter operation has been collected from these sensors.
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Figure 4.12. Summary of the externally heated surface temperature during freezing air
temperatures for each test

4.4.2 De-icing Tests

Winter test #5 was primarily selected to discuss the performance of the system due to the observed
low ambient temperature of —4.3 °C. This test spanned from 10 p.m. on 2/7/2019 to 7 p.m. on
2/8/2019. The geothermal heat pump was turned on at 10 p.m. on 2/7/2019 to provide 7 hours of
pre-heating before the bridge experienced the minimum freezing temperature of —4.3 °C that was
reached at 5 a.m. on 2/8/2019. Only the external heating hydronic system was active. As no
precipitation was forecasted or experienced during that time, the project team decided to make
snow/ice on the bridge deck surface, using a snow gun. It was an excellent opportunity for the
application of snowmaking devices due to the low ambient temperature of —4.3 °C, a temperature
suitable for making snow; however, the snowmaking was not successful due to the high humidity
(greater than 60 percent). The water drops became ice pellets, and a uniform ice layer was observed
on the non-heated zone surface, which was a good simulation of freezing rain. Figure 4.13

compares the temperature of the insulation foam, captured from a thermocouple installed in the
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middle of the 10.16 cm layer of insulation foam (Figure 4.7 (b)), with the ambient temperature
during the system operation. As expected, the temperature of the insulation foam fluctuated less
with the ambient temperature. It can be concluded that the thermal resistance of the insulation

foam was effective.
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Figure 4.13. Temperature variations inside the insulation foam and ambient during test #5
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Figure 4.14. Inlet and outlet temperatures of the bridge deck hydronic pipes
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Figure 4.14 shows the temperature variations of the bridge deck supplying and returning
heat carrier fluid. These data are pivotal as they represent the inlet and outlet temperature variations
on the condenser side of the heat pump and will be used to study the system performance. The
monitoring data illustrates that the bridge deck was heated with heating fluid with an average
temperature of 41.4 °C at the inlet. The average outlet temperature was recorded as 38.9 °C, with
an approximately 2.5 °C temperature drop.

Figure 4.15 illustrates the condition of the bridge deck during snow/ice making and the de-
icing process. It shows that no ice accumulation was observed on the heated surface during the
ice-making process after the snow gun was turned on at 5:40 a.m. on 2/8/2019. However, the
temperature of the non-heated zone dropped quickly, and the surface was covered with ice. It was
observed that the surface of the heated zone started to dry, while the non-heated zone was fully
covered with ice.

Figure 4.16 compares the temperature variations of the heated and non-heated zones, along
with the ambient temperature data. The temperature data for both the heated and non-heated zone
were obtained from the sensor node, 2.5 cm below the surface, in the center of each zone. Before
the system was turned on, the heated and non-heated zone deck temperatures were very similar
and followed the same trend as the ambient temperature. After the onset of the geothermal heat
pump, the temperature on the heated zone began to increase and followed trends that were different
from those of the non-heated zone. The temperature in the non-heated zone still closely matched
the ambient temperature, which also validated the monitored data. When the test was over and the
system had been turned off, the temperature in the heated zone dropped and slowly rose to the non-

heated zone temperature, with both following the ambient temperature variations.
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Figure 4.15. Time-lapse of the bridge deck condition before, during, and after the de-icing test
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Figure 4.16. Comparison of the heated and non-heated zone temperature variation during test #5
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The surface temperature was monitored by using a Fluke 50Ti thermal imager at various
time intervals. Although the temperature measurement of the thermal imager is slightly different
from that of other sources, it is a useful tool for visually illustrating the heated section and the
temperature variations across a large area. Figure 4.17 shows the thermal images of the bridge
deck during event #5. It clearly shows that when the test began, the surface temperature was below
freezing, while after about 7 hours of operation, the surface temperature on the externally heated

zone rose to 1.1 °C. The minimum ambient temperature was —4.3 °C.

2/7/20191022:31 PM S gl oy 22009 53615 AN

(a) February 07, 2019, 10:22 PM (b) February 08, 2019, 5:36 AM

Figure 4.17. Surface temperature measurement of the bridge deck using thermal imager during
test #5

The efficiency of the geothermal system primarily depends on the ground loop heat
exchangers (GLHE). One of the key parameters significantly affecting the design of the
geothermal system is the outlet water temperature of the geothermal borehole. Figure 4.18 shows
the inlet and outlet temperatures of the geothermal borehole during the event. The monitored data

illustrates an average temperature of 16.5 °C for the inlet water to the borehole, while the water

returning from 131 m deep borehole was recorded as about 16.9 °C during the system’s operation.
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Figure 4.18. Geothermal borehole inlet and outlet temperatures during winter test #5

Moreover, the highlight of the system’s performance during Test #7, coldest event which
was experienced by the system during winter 2018-2019, is briefly discussed in the following;
however more details can be found in (Habibzadeh-Bigdarvish et al. 2021a). In this specific event,
the system was operated from 3/4/19 2:50 a.m. through 3/6/19 9:53 a.m. in full-load mode in the
externally heated zone and the bridge experienced 7 hours of freezing temperatures before the
system was turned on. The monitoring data showed that the bridge deck was heated with heating
fluid with an average temperature of 42.2 °C at the inlet; the outlet temperature was recorded as
39.4 °C as the average temperature, with approximately 2.8 °C temperature drop. Figure 4.19
compares the temperature variation of the heated zone and the non-heated zone, along with
ambient temperature data. The temperature data for both the externally heated zone and internally
heated zone (not active, therefore referred to as a non-heated zone) are obtained from the sensor
at 2.5 cm below the surface in the center of each zone as shown in Figure 4.10 (a). However, it

should be noticed that the difference between temperature in the heated and non-heated zone before
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the test began is due to the system operation in the previous test in which the system was operating
in bypass mode for the external & internal heated section and ended at 3/3/19, 11:17 a.m. As
mentioned earlier, the bridge experienced 7 hours of freezing temperature before the system was
switched on for this test. The idling gap of the geothermal system between the previous and this
test is about 15.5 hours. The heat stored from the previous test gradually dissipated and the bridge
was close to being in equilibrium with the ambient temperature before the start of the system.
However, after the onset of the geothermal heat pump, the temperature on the heated zone starts
to increase and follows a different trend concerning the non-heated zone. The temperature in the
non-heated zone still closely matches the ambient temperature, which also indicates the validity of
the monitored data. In the end, when the test was over, and the system turned off, the temperature
in the heated zone drops and slowly merges to the non-heated zone temperature and both follow
the ambient temperature variation. The on-site observation proved the 8 hours of idling time was
required when the bridge deck of the control zone was in close equilibrium with the ambient
temperature. The hours required to raise the bridge deck surface temperature to 0 °C is considered
as the time re-quired for pre-heating. It is worthwhile to mention that the recorded temperatures in
Figure 4.19 belong to 2.5 cm below the surface and it has a slightly higher temperature with respect
to exact surface temperature on the heated zone. The minimum of 0.3 °C on the heated zone is
recorded slightly after the test began in the early morning of 3/4/2019 when the air temperature
reached -5.5 °C. Following about 24 hours of operation, the heated surface temperature achieved
11.1°C, while air and non-heated surface temperatures are dropped to about -5.8 °C. However,
after approximately 48 hours of operation, the heated surface temperature is reached 14.4 °C, while

air and the non-heated surface temperature recorded as -6.2 °C and -2.2 °C, respectively.
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Figure 4.19. Comparison of the heated and non-heated zone temperature variation during test #7

4.4.3 System Performance

In this study, the input power of the entire system was monitored, using a Fluke 1736 power logger
during tests #5 and #7, and the data were utilized to study the system performance. The GHDS
was tested under the heating mode; therefore, the energy efficiency of the system can be evaluated

by using the coefficient of performance (COP), which is defined as follows:

COPyyg = —— 4.2)

in,total
Where Q. and Wi, torar are the thermal energy output produced by the heat pump (heat
transferred in the condenser) and total input power, respectively. They are calculated using

equations (4.3) and (4.4), respectively.

Q= mCP(Tc,o - Tc,i) (4.3)

Win,total = Whp + VVp (4.4)
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Where m,Cp,T, ,, and T, ; are the mass flow rate, the specific heat of the fluid, outlet, and
inlet fluid temperatures of condenser, respectively. In this study, the flow rate of the heat carrier
fluid was measured by the installed flow meter in the system and was equal to 2158 I/h on the
bridge deck side. The outlet and inlet fluid temperatures of the condenser were monitored by the
two thermocouples which measured the inlet/outlet fluid temperature of the bridge side (Figure
4.10 (c)). The heat capacity of the heat carrier fluid, i.e., 20% propylene glycol solution was
estimated as 4038 J/kg°C. Moreover, Whp and V'Vp are the power input to the heat pump unit and
the pumps, respectively.

Figure 4.20 shows the monitored power input to the heat pump and the circulating pumps
during Test #5 and #7. As described previously, the circulating pumps were on during the entire
test and drew relatively constant power. However, the heat pump had on-off cycles which depends
on the heating load requirements of the bridge deck. The increase in heating demand results in a
more operational time of the heat pump and more input power. The result showed the circulating
pumps electricity consumption accounts for about half of the total energy consumption. However,
if the control system was able to control the on-off cycling of the circulating pumps as well as the
heat pump operation, the energy consumption of the circulating pumps could be greatly reduced
due to the huge reduction in the operational time. In that case, the operational time of the
circulating fluid would be the same as the heat pump.

Table 4.7 shows a summary of the system performance during tests #5 and #7. Despite the
different weather conditions during the tests, the overall performance of the systems was similar:
the average hourly input power was approximately 1.4 kW for both tests. Moreover, although the
average hourly operational time of test #7 was higher than that of test #5, the system average COP

was similar.
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Figure 4.20. Power input to the heat pump and circulating pumps during the test; (a) Test#5, (b)
Test #7

Table 4.7. Summary of System Performance during Tests #5 and #7

Test #5 #7
Monitoring duration (hr.) 72.0 54.0
Total input energy (kWh) 99.2 78.0
Average (Tco -Tci) (°C) 2.5 2.8
Total thermal energy output (kWh) 455.6 360.1
Average COPgys 4.6 4.6
Standard deviation (SD) of COPsys 0.24 0.36
Average heat pump hourly operating time (min) 16.5 18.2
Average heat pump number of cycles per hour 54 5.6
Average cycle duration (min) 3.1 3.2

Figure 4.21. presents hourly fluctuations of the thermal energy output of the heat pump
(kW), the total electricity consumption of the system (kW), and the COP of the system for Test #5
and #7. While there was a slight variation in the electricity consumption of the system, the thermal
output from the heat pump varied more due to the ambient and bridge deck temperatures and
resulted in variations in the COPsys. The COPsys was recorded above 4 throughout the test, and 4.6

as the test’s average COPsys.

79



m Wintotal = Win, total

8 _ —Qc 9 Qe
L ——System COP /\'\W
| 15 s I+
7 1A Nt
- | L\/\/\fﬂ/\«/\[\N‘/\/«J\/\P‘/\A\ |
61 L4

—System COP L

Power (kW)
Power (kW)

=1 — (] () - [
N L 4 L

1 6 11 16 21 26 31 36 4 46 51 56 61 66 71 1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52
Time (hr) Time
(a) (b)

Figure 4.21. Comparison of the system input power, thermal energy output, and COP: (a) Test
#5; (b) Test #7

The heat pump’s operational details were investigated since the system’s performance
highly depends on them. Figure 4.22 illustrates the number of cycles and the operational time of
the heat pump during each hour of the test. The heat pump usually has 6 cycles per hour; however,
when the ambient temperature rises, the number of cycles and operational time decrease due to the
smaller heat demand. The results demonstrated that the operational time has a direct relationship
with the COPsys, meaning that an increase in the time that the heat pump operates results in more
heat generation and an eventual increase in COPsys.

With all the available power data, it is possible to determine the effectiveness of the various
parameters on the system’s performance. Figure 4.23 shows the relationship between the total
input power and the thermal energy output. A more prolonged heat pump operation uses more
electricity, which results in higher thermal energy output by the heat pump. Similarly, as shown in

Figure 4.24, as the thermal energy output increases, the COP of the system increases. The results
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showed that while the thermal energy output of the system varied from 4.4 kW to 8.8 kW, the COP

of the system varied between 3.7 and 5.4.
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Figure 4.22. Details of heat pump operation during test #5

However, there is uncertainty in the calculation of the COP. The uncertainty in the
calculation of the COP lies in the uncertainties of the measurement of the parameters used in the
calculation. The accuracy of the instrument has already shown in Table 4.5. The high/low bound
value of each parameter can be calculated using the possible error in the measurements. The result
of the uncertainty analysis showed the COP varies from a minimum of 3.65 to a maximum of 5.55.
It worth mentioning that the COP outcome of the uncertainty analysis is in good correspondence
with Figure 4.24 which shows the COP of the systems varied between 3.7 and 5.4 at different

hours.
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Figure 4.24. Relationship between the system COP and thermal energy output of the heat pump

A comparison of the system performance of this study with a similar GSHP system
demonstrated that the system used in this study was efficient. Many research groups have studied
the performance of the GSHP systems, including (Al-Habaibeh et al. 2018; Bakirci 2010; Bi et al.

2009; Kong et al. 2017; Liu et al. 2017; Ozyurt and Ekinci 2011; Roy et al. 2020). (Al-Habaibeh
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et al. 2018) investigated the application of GSHP for mine water, in which the single-shaft system
used the energy from flooded coal mines. For this specific case, the average daily COP of the
whole system was about 1.5 (Al-Habaibeh et al. 2018). Ozyurt and Ekinci studied the performance
of a ground-source heat pump system with a vertical ground heat exchanger that was to be used to
heat a building in Turkey (Ozyurt and Ekinci 2011). They found the COP of the system to be in
the range of 2.07-3.04. (Bakirci 2010; Bi et al. 2009) also presented different studies on the
performance of the GSHP system, and reported the system COP to be in the range of 3.2-4 and
2.6-2.9, respectively. As GHDSs are less common, only a few researchers, such as [19], studied
their performance. Balbay and Esen investigated the performance of the snow melting systems
using a GSHP and found that the COP values of the GSHP system were 1.99, 2.66, and 3.05 for

borehole depths of 30 m, 60 m, and 90 m, respectively.

4.4.4 Heat Flux Analysis and Heating Efficiency

The objective of the heat flux is to maintain an average bridge surface temperature above freezing
during cold weather. However, the heat flux only demonstrates the maximum potential output of
the system; it conveys no information about the actual energy consumption of the system over the
course of a heating period since it is only specified for extreme weather conditions (Spitler and
Ramamoorthy 2000). The supplied and surface heat flux of the bridge deck can be calculated using

Equations 4.5 and 4.6, respectively.

Qc

Qsupplied = m (4.5)
dT

Qsurface = kd_X (4.6)

Where Q. is the thermal energy output produced by the heat pump (heat transferred in the

condenser) can be calculated from Equation 4.3, Ajcqteq 1S the area of the heated zone; k is the
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thermal conductivity of the deck concrete; dT/dX is the temperature gradient. It is assumed that the
heat transfer inside the concrete slab is one-dimensional and upward. The thermal conductivity of
the mock-up bridge deck is 2.16 W/m.K according to the on-site measurements.

The supplied heat flux (qsuppiiea) represents the supplied heat flux of the geothermal heat

pump system to the bridge, while bridge deck surface heat flux (qsyrface) 1S the actual heat flux on
the plane 2.5 cm below the top surface of the bridge deck. qgyrface 1S the key outcome of the system
and a critical parameter in designing the de-icing system. The temperature measurements of the
two sensors located in the middle of the externally heated zone at two different depths were used
to calculate the heat flux on the bridge deck surface (qsyurrace). AS the temperature at the exact top
surface of the bridge deck was not available, the sensor at 2.5 cm below the surface plane (Figure
4.10 (a)) was selected. Another node sensor, Type-T thermocouple, at the same coordinate, was
installed at the bottom surface 0.6 cm into the concrete, to represent the temperature at the bottom
surface of the bridge deck. The distance between the two sensors was 17.14 cm. It is assumed the
heat flux on the top surface is similar to the plane at 2.5 cm below the surface. Figure 4.25
illustrates the temperature variations of the bottom surface and the plane at 2.5 cm below the
surface. The temperature measurements of the two planes were similar before and after the test,
with some time delays; however, during the test, there was a huge temperature difference between
the two locations. Also, Figure 4.26 compares the supplied and surface heat flux of the bridge
along with the ambient temperature variations. It can be observed that the heat flux increases when
the ambient temperature decreases. The results show that the heat flux of the bridge deck varies
with ambient temperatures and heating conditions. On average, the actual heat flux of the bridge
deck surface was about 150 W/m? less than the supplied heat flux to the bridge, which can be

explained by the heat loss.
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Figure 4.25. Temperature variations of the bottom surface and the plane at 2.5 cm below the
surface during winter test #5
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Figure 4.26. Comparison of the heat flux on the bridge deck surface and supplied heat flux
during winter test #5
Table 4.8 list the summary of the heat flux analysis during the freezing ambient of Test #5.

It was found that during freezing ambient temperatures, the average supplied, and surface heat flux
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was about 433.4 W/m? and 236.2 W/m?, respectively. The supplied heat flux to the bridge deck,
however, was different than the heat flux at the bridge deck surface due to heat loss. Insufficient
insulation of the pipes and bottom surface of the externally heated zone were among the main
causes of heat loss. The heat transfer efficiency of the system can be calculated by Equation 4.7.
The system allows approximately 55% of the supplied heat, to the bridge deck surface. Also,
comparing the external heating system efficiency of the field and laboratory test shows a nearly
similar result, however, about 5 % less efficient in the field performance which is mostly due to

the greater thickness of the concrete slab and colder environmental conditions.

Heat Transfer Ef ficiency (%) = (-5 % 100 4.7)

Asupplied

Table 4.8. Summary of the heat flux analysis and heat transfer efficiency

Parameter Value
Required surface heat flux 340.2 W/m?
Preliminary design surface heat flux 524.7 W/m?
Initial guess of heat transfer efficiency 65%
Average supplied heat flux of Test #5 433.4 W/m?
Average surface heat flux of Test #5 236.2 W/m?
Actual Heat transfer efficiency 55 %

Finally, a comparison between the required surface heat flux for de-icing the bridge deck
surface and actual surface heat flux shows the system was not able to provide the required heat
flux on the surface in this test. As mentioned previously, in the external heating system, the large
distance between the heating source (hydronic pipe) and bridge deck surface results in more heat
loss in comparison with an internal heating design where hydronic loops are embedded in the

concrete deck and installed in the vicinity of the bridge deck surface. The result shows the initial
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guess for the heat transfer efficiency was close to the actual heat transfer efficiency of the system
during Test #5. However, to provide the heat flux of 340.2 W/m? on the bridge deck surface, the
design surface heat flux of the external geothermal heating system should have been considered as
618.5 W/m?, which recognizes 45% heat loss in the bridge deck. Thus, when designing the external
heating system, it is critical to consider the accurate amount of heat loss in the design step. The
design snow melting/de-icing of the external geothermal heating system (gexternat design) in the

future should follow Equation 4.8.

__ required surface heat flux
Qexternal design — 0.55 (4-8)

4.5 Summary and Conclusions

An externally heated geothermal de-icing system was developed and implemented on a 20 cm
thick concrete full-scale bridge deck, located in the Dallas-Fort Worth metroplex in Texas, USA.
The de-icing system consists of eight PEX pipe loops attached to the bridge deck, one single-U
131 m deep GLHE, four water pumps, and one 3-ton GSHP. The design, construction, and
implementation procedure of the de-icing system are first presented. The geothermal bridge was
fully instrumented and tested during a series of winter events. The collected data were analyzed to
evaluate the heating performance and efficiency of the de-icing system. The conclusions are drawn
as follows:

e The 17.8 m2 heated area on the bridge deck was observed free of ice and maintained

minimum surface temperature above freezing during all seven winter events.
e Among all the seven winter tests, the minimum surface temperature of 1.4 °C was observed

during a severely cold winter with a minimum freezing temperature of -6.2 °C. The
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supplied fluid from the GLHE to the bridge deck was observed to have a temperature
around 40°C in this coldest winter test.

It took a minimum of 7-8 hours for the de-icing system to reach its peak performance at
-3.9 °C ambient temperature. The time was less for mild winter weather.

The monitored data illustrates an average temperature of 16.5 °C for the inlet water to the
borehole, while the water returning from 131 m deep borehole was recorded as about
16.9 °C during the system’s operation in Test #5. Also, the use of a bypass operation with
no geothermal heat pump in de-icing was found to be practical for mild winter weather
conditions, in which the bridge deck was heated with about 16.6 °C fluid rather than 40 °C
from the geothermal heat pump.

On average, the power input to the water pumps and heat pump was about 1.4 kW. The
system thermal energy output rate varied from 4.4 kW to 8.8 kW; and the system COP
varied between 3.7 and 5.4, with an average of 4.6. An increase in the heat pump operating
time resulted in the higher thermal energy output of the heat pump and an increase in the
COP of the system.

In winter test #5, the supplied and surface heat fluxes were estimated to be about 433.4
W/m? and 236.2 W/m? respectively, when the ambient temperature was below freezing.
The surface heat flux on the bridge deck was sensitive to the ambient temperature and
heating conditions.

The external heating system was able to transfer about 55% of the supplied heat to the
bridge deck surface, implying that 45 % of the total heat is lost during the heating process.
Thus, it is suggested to consider 45% heat loss of the system when calculating the design

surface heat flux of the external geothermal heating system.
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CHAPTER 5: A U-TUBE GROUND HEAT EXCHANGER FOR BRIDGE
DE-ICING: SOLAR COLLECTOR AND DE-ICING TEST, GROUND
HEAT RECOVERY, AND OPERATION STRATEGY

5.1 Abstract

This study focuses on the evaluation of the energy performance and subsurface ground temperature
distribution during the operation of geothermal foundation system for externally heating and de-
icing of the bridge from freezing to de-icing conditions. The geothermal system consists of a single
U-tube ground heat exchanger of 131 m-deep, and a mock-up bridge deck of 17.8 m?. In addition
to monitoring the temperature of the fluid entering and exiting the heat exchanger, thermistor
strings were embedded in temperature monitoring boreholes around the GHE to monitor changes
in ground temperature with depth. The system performance for a 99-day period was monitored
which includes a bridge solar-collector test in which heat carrier fluid transferred the heat from the
bridge deck to the ground, and a de-icing test during which heat was extracted from the ground
and transferred to the bridge deck. The heat injection during the bridge solar-collector test with an
average of 5.7 W/m, resulted in a noticeable rise in the ground temperature surrounding the heat
exchangers. The result showed 31.7-39.4% of stored thermal energy was preserved for utilization
in the first winter de-icing test depending on the definition of the control volume. The influence
zone radius of the GHE operation was also found to be 3.45 m which is equivalent to 2 times of
the bridge deck surface area. Overall, two de-icing operation modes were studied, and the result
showed the application of the heat pump in the system increases the heat extraction rate by 237%.
The coefficient of performance (COP) was recorded 2.9 and 1.1 for the tests with and without the
heat pump, respectively. The outcome of the field experimental studies and data collection

performed over a year of operations showed that the heat injection into the soil by bridge solar-
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collector was 54% more effective than heat extraction from the ground during the several de-icing

tests performed in 2019 to 2020.

5.2 Introduction and Background

The harvest and utilization of shallow geothermal energy have increased in recent decades
(International Energy Agency 2014). Geothermal energy has shown great potential due to the lack
of environmental footprint, redundancy, and cost-effectiveness. It is a green and renewable source
of energy and a reliable alternative to fossil fuels. The geothermal energy is harvested through the
application of ground heat exchangers or energy geostructures including foundations, diaphragm
walls, tunnel liners, or anchors and has been used for a variety of purposes such as thermal
conditioning of a building (Barla et al. 2016; Binod et al. 2012; Brandl 2006; Laloui and Di Donna
2013; Laloui and Loria 2019; McCartney et al. 2016; Mimouni et al. 2014; Sterpi et al. 2018b). A
more recent application of geothermal energy is used for de-icing or snow-melting of the bridge
deck surfaces(Spitler and Ramamoorthy 2000). Many bridges become treacherous and experience
snow or freezing related accidents due to bridge deck being iced during prolonged cold periods or
during winter storm conditions. As, over 70% of the united states' roads and population are located
in snowy regions, which receive more than 13 cm average snowfall annually, many accidents are
reported due to the slippery road surface condition. Weather-related car accidents are responsible
for 24% of all crashes each year, including accidents on snowy, slushy or icy pavement, and 15%
during snowfall or sleet. Approximately 1,300 people are killed and 116,800 injured annually in
car crashes as result of snowy, slushy, and icy pavements (FHWA 2020).

Transportation agencies use various methods for de-icing operations. Chemical methods
include using solid chemicals and liquid-spraying equipment with a variety of de-icing and anti-

icing chemicals and mechanical methods include the use of snow-removal equipment such as snow
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plows, snow blowers, snow brooms, and sweepers (Anand et al. 2017). Majority of them are not
effective and some may have environmental issues. One of the promising technologies that has
been under research evaluation by both UTA and TAMU researchers is the geothermal based
shallow foundation system. A geothermal heat pump de-icing system (GHDS) was developed
which is powered by geothermal energy. GHDS is a ground source heat pump system (GSHP) that
uses the heat output of the system for snow melting and de-icing purposes. In this system, the heat
carrier fluid, mostly water-based antifreeze solution, is circulated between the ground loop heat
exchanger (GHE) and hydronic heating loops in contact with the bridge deck. Moreover, the heat
pump is employed in the system to help the heat carrier fluid reach the ideal temperature
appropriate for melting snow and ice on the surface. The life-cycle cost-benefit analysis (LCCBA)
of this system indicated that its application is economically viable for the bridges with a minimum
annual daily traffic volume of 7000 vehicles, and benefit to cost ratio (BCR) of 2.6 can be achieved
for the 50-year life-cycle and daily traffic volume of 24000 vehicles (Habibzadeh-Bigdarvish et
al. 2019).

The ground heat exchangers (GHES) are the main components of the geothermal systems,
and they play a vital role in keeping the system running efficiently. A high initial cost on GHE
prevents the widespread application of the technology. An in-depth understanding of the heat
transfer characteristics of GHESs is paramount to designing an underground soil energy system with
high efficiency and low operating costs. Investigation of the heat transfer of GHEs is therefore
essential (Zhang et al. 2020). In recent years, there have been many studies concentrating on
accurate estimation of heat transfer inside and around borehole using numerical and experimental
studies(Javadi et al. 2019; Noorollahi et al. 2018; Zhang et al. 2018). However, in contrast to

numerical modeling, only a limited number of full-scale experimental studies are available which
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has investigated the heat transfer inside and around boreholes. In one of the earlier studies, the
temperature profile inside a 151.4 m downhole coaxial heat exchanger (DCHE) in a snow-melting
system in Japan was investigated (Morita and Tago 2005). The authors studied the impact of the
DCHE operation on the temperature profile inside the geothermal borehole. Observing the
temperature changes in this formation, they concluded that the DCHE temperature is sensitive to
the heat balance between charged and extracted heat. The amounts of extracted heat were
significantly more than charged heat on a fiscal year basis. They suggested the most effective way
would be to reduce unnecessary snow-melting operations, which might also lead to better
performance.

Another study examined the temperature fluctuations of heat exchange wells to determine
how thermal changes in the subsurface are caused by heat exchange with the ground. A computer
program was used to simulate the long-term effects of underground temperature change by the
authors (Fujimitsu et al. 2010). Gao et al. (2013) studied the thermal interaction between pumping
and injecting well groups, and it was found that the impact of thermal interaction would result in
an influence on the performance efficiency of the system. The result revealed the well location and
their layout was a vital key to the thermal breakthrough. In a recent study, the transient changes in
ground temperatures in a field-scale SBTES system installed in the vadose zone of Golden,
Colorado, were experimentally and numerically studied. The experiment result showed that after
75 days of heat injection at a constant rate of 20 W/m, the ground temperature in the array increased
by 7 °C. The result also showed that only 21-42% of the total 11.5 GJ thermal energy is stored in
the soil (Baser et al. 2016). In a similar study by the same authors, transient ground temperatures
was investigated in a field-scale soil-borehole thermal energy storage (SBTES) system in San

Diego, California (Baser and McCartney 2020). The SBTES system consists of an array of thirteen
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15 m-deep borehole heat exchanger at 1.5 m spacing. In a 4-month period, heat collected from
solar thermal panels and injected into the SBTES system, which followed by monitoring the
subsurface for about 5-month ambient cooling period. Authors also developed numerical model
for coupled heat transfer and water flow and compared the measured data compared with those
predicted by the model. In general, a good match was found between the experimental
measurements of ground temperature in the SBTES and those simulated. Also, several lab-based
experiments have been conducted to explore this issue. For example, Zhang et al. (2020) designed
and constructed a lab-scale experimental system based on similitude laws to study the heat transfer
behavior in underground soil. They proposed a transient 3D numerical model to evaluate the
variation of temperature around full-scale GHE and performed model validation with the sandbox
data set. Overall, they tried to produce a more reliable source of data and foundation with fast
engineering applications for underground energy storage systems, such as GSHP, ground energy
pile, etc.

A significant disadvantage of GHEs is the long-term variation in subsurface thermal
conditions due to heat storage or removal in the ground (You et al. 2018; You and Yang 2020).
The primary cause of this issue is GHE imbalance heat loading, which is more severe in hot
summer and cold winter regions (Hakkaki-Fard et al. 2015). Several solutions have been suggested
to address this problem. Current methods are typically dependent on refining design parameters,
adjusting operation parameters, or implementing ground thermal recovery methods (Sedaghat et
al. 2020). An analysis of GSHP system performance and the size of a vertical GHE system was
conducted based on the variation of various design parameters (Cho and Choi 2014). The authors
found that the ratio of GHE length to unit capacity was greatly affected by the thermal conductivity

of the soil and the separation distance between GHESs, meaning they play an important role in the
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thermal recovery of the soil and thermal exchange between GHESs. Also, the ground thermal load
was numerically studied in relation to ground temperature (Baek et al. 2017). According to them,
lowering the geothermal load and extending the recovery time would increase thermal recovery.
Furthermore, they noted that using recovery time in the design method reduces the duration of
GHE design.

Another solution proposed by many researchers is the intermittent operation of the GSHP
(Choi et al. 2011; Chong et al. 2013; Shang et al. 2011; Zarrella et al. 2015). The intermittent
operation allows the accumulated heat around the GHE to diffuse into the ground as the system is
powered down. The efficiency of a GSHP system with varying thermal imbalance and heat
recovery ratios was also investigated (Zhao et al. 2018). It was found that heat recovery not only
improves system efficiency but is also cost-effective in hot summer and cold winter climates. A
hybrid ground source heat pump (HGSHP) is paired with solar energy, waste heat, and ambient
air to correct the thermal imbalance of a ground heat exchanger, depending on the local
temperature. Optimization of configuration and control parameters is critical in these systems for
ground thermal recovery. Coupling GSHPs with solar thermal collectors is a solution for
imbalanced heat loads in cold-winter regions (Emmi et al. 2015).

Yang et al. (2015) studied the effect of combining the GSHP with a solar thermal collector
experimentally. Their findings showed that the collected solar energy improves the GSHP's
performance throughout the day. Additionally, the nighttime performance of the GHSP was
improved by taking advantage of the excess solar energy that was collected during the day and
stored in the ground. In another study, GSHP systems efficiency with borehole heat exchangers,

solar thermal collectors, storage tanks, and ice thermal storage were examined (Rohde et al. 2018).
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Using their modeling data, the models conclude that a greater amount of heat is absorbed from the
ground during the winter than solar energy is injected during the summer.

The pavement solar collector (PSC) is another alternative for harvesting thermal energy
that can be used for ground thermal compensation (Ahmad et al. 2019). In a PSC, pipe systems are
commonly integrated into the upper layers of road constructions. A pavement surface absorbs solar
radiation during sunny days, and that energy is transferred to the fluid inside the pipes, where it
may be used to heat the fluid or stored for later use (Bobes-Jesus et al. 2013). Another benefit the
PSC offers is that it reduces pavement temperatures. Lower temperatures are also a benefit for
concrete pavements since smaller temperature fluctuations reduce thermal stresses in concrete
slabs (Dehdezi 2014). Pavement solar collectors have been the subject of a number of experiments
showing their ability to harvest energy. In the Netherlands, Loomans et al. (2003) investigated the
energy efficiency of a pavement collector during summer with an average air temperature of 14
°C. Their results showed an energy efficiency of approximately 30%, indicating that 30% of the
solar heat incoming on the pavement surface could be harvested. Mirzanamadi et al. (2018)
examine the feasibility of the coupled Hydronic Heating Pavement (HHP) system to a Horizontal
GHE (HGHE) for harvesting solar energy during summer and anti-icing road surfaces during
winter. They found the amount of collected solar energy during summer is, on average, 99
kWh/m?2.year.

In a geothermal bridge deck snow melting/de-icing system, the ground thermal imbalance
problem is a potential threat for the system efficiency due to single-mode operation. Because,
despite the thermal conditioning of a building in which the GHE operates under both heating and
cooling load, which automatically help the ground thermal balance, geothermal snow-melting/de-

icing system only need to work in heating mode, i.e., heat extraction from the ground, which
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provoke ground thermal imbalance. However, the solution lies in the application of the bridge deck
as a solar collector. Bridge solar-collector is similar to pavement solar-collector, which uses the
bridge deck for collecting solar energy. One of the pioneer applications of bridge solar-collector
is the SERSO snow-melting system in Switzerland that works since 1994 (Eugster 2007). The
SERSO system has demonstrated that an underground thermal energy storage system is feasible
for storing solar energy. This system utilizes 91 borehole heat exchangers of 65m deep to maintain
temperatures at or above 3°C on a bridge deck surface during the winter. Only the circulation of
water within the pipes was powered by electricity, and no heat pump was used.

Bowers Jr and Olgun (2015) studied the thermal performance of a small-scale (2.6 m x 3.0
m) bridge deck de-icing system under bridge deck de-icing and thermal recharge operations. The
energy piles were used as a means to harvest the geothermal energy. The authors examined both
the bridge deck and the ground's temperature response during winter heating and summer recharge.
Following the injection of thermal energy in the summer, the system was able to increase the
temperature of the ground. The experimental result showed that the average of 0.16 °C of
temperature rises along the pile at 1.7 m radial distance. The measured difference in temperature
for the ground at 1.7 m radial distance was relative to the temperature difference of the ground at
a distance of 3.5 m from the pile. Recently, Wu et al. (2020) also studied the performance of a
bridge deck as a solar collector in a thermal energy storage system. The focus of the study was on
the bridge deck, and the GHE performance and ground thermal condition were not studied. They
found that about 26~47% of solar energy was collected by the bridge deck. However, although
bridge solar collector was tested in few studies to address the thermal imbalance issue in the
ground, so far, no study was found in the literature that fully investigated the bridge solar-collector

impact on the thermal condition of the ground. Moreover, the energy performance, soil thermal
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storage capacity, and thermal imbalance ratio (IR) due to the bridge solar-collector operation of
GHDS are also open questions. Besides, very few full-scale experimental studies have investigated
the GHE performance and heat transfer surrounding the GHE; Studying the GHE performance in
a geothermal snow-melting/de-icing system is even a rarer topic.

In the past few years, the present research team has been working with Texas Department
of Transportation (TxDOT), to develop an external geothermal de-icing system that can be
implemented for existing bridges. First, the feasibility of the external geothermal de-icing system
was studied through numerical simulation (Li et al. 2020, 2021). Then, several lab-scale
experiments were also conducted, and the system performance was tested(Hurley 2019; Yu et al.
2019). Finally, a full-scale external geothermal de-icing system was implemented on a mock-up
bridge and tested under actual winter weather conditions (Habibzadeh-Bigdarvish et al. 2021c). It
allowed to fully study the externally attached hydronic heating system performance and thermal
response of the bridge deck. Test results showed that the system was successful in de-icing the
bridge deck and maintaining the bridge deck surface temperature above freezing. Moreover, this
project provided an opportunity to study the GHE performance, soil thermal response in process
of heat injection and extraction, application of the bridge deck as a solar collector as well as
investigating thermal balance and thermal storage in the soil, which are the main objectives of the
current study.

In this paper, first, an overview of the experimental setup, monitoring system, and testing
site conditions for full scale bridge decks in the field conditions are reviewed. Then energy
performance assessment methodology of geothermal system is discussed. It follows by
investigating the thermal and energy performance of GHE during the heat injection and extraction

tests on the bridge decks. Temperature variation of the soil mass surrounding the GHE in the events
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of heat injection and extraction were collected with embedded sensors, thermal imagery and
instrumentation and these results are analyzed extensively here. Both heat storage and thermal
balance in the soil and temperature rise due to bridge solar-collector tests are determined and
presented. Finally, it discusses the operation strategies of ground thermal system for better

performance and de-icing operations of bridge deck.

5.3 External geothermal bridge deck de-icing system

5.3.1 Experimental Set-up and Monitoring System

A mock-up bridge has been constructed and an external geothermal heat pump de-icing system
has been investigated to de-ice the snow/ice on the bridge deck surface. Figure 5.1 illustrates the
schematic diagram of the mock-up geothermal bridge. The dimensions of the whole bridge slabs
are 4.9 m x 11.4 m, including 12 standard PCP panels. The mock-up bridge deck consists of three
zones: an external heating zone, an internal heating zone, and a control zone. It utilizes both the
traditional type of GHDS, which uses internal hydronic pipe embedded in the concrete slab, and
the newly developed method, which utilizes external hydronic pipe attached to the bottom surface
of the bridge deck. Figure 5.2 (b) shows the overview of the hydronic heating systems on the bridge
deck. The end section of the bridge deck is also considered as a control area with no heating. Also,
the experimental field test setup consists of a geothermal borehole of 132.5 m (from ground level)
deep and 14.6 cm diameter which hosted a single U-tube heat exchanger loops made of high-
density polyethylene (HDPE) pipe with 3.45 cm inside diameter. The GHE was tested under
combinations of operational modes and thermal loads. For the de-icing purpose, the system was
operated in bypass or full-load mode, while the system was only worked in the bypass mode for

bridge solar-collector operation. In the full-load operation mode, the control valves of the heat

98



pump are closed, and the flow goes through the heat pump. In the full load operation mode, the
geothermal heat pump is active; while in bypass mode, the geothermal heat pump is off, and the
heat carrier fluid circulates directly through the bypass which connects the bridge deck hydronic

loops to the ground heat exchangers. Figure 5.2 (a) shows the control room and its components.
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Figure 5.2. (a) Control room; (b) Bridge deck hydronic pipes
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Figure 5.3. (a) Final stage of installation of the GHE and TMBs before excavation of trench and
GHE connection to the header pipe; (b) Thermistor string attached to the heat exchanger pipe (c)
Thermistor string attached to the PEX pipe that is filled with rebar for installation in TMB.

The subsurface monitoring system consists of five 10 cm diameter temperature monitoring
boreholes (TMBs), which are equipped with thermistor strings and radially scattered around the
geothermal borehole to investigate the temperature distribution in the soil and at different depths
(Figure 5.3). Also, two thermistor strings were attached to the outer surface of the GHE legs to

monitor the pipe and grout interface temperature variation. Table 5.1 shows the detail of the
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thermistor strings' radial distance from the geothermal borehole central axis and the depths of
sensor nodes on each string. An additional thermistor string was also attached to the header pipe

in the trench to investigate the soil-pipe interface temperature variation in the trench.

Table 5.1. Details of installed thermistor string in the soil

Thermistor string Ir]let Ogtlet TMB | TMB | TMB | TMB | TMB
pipe pipe 1 2 3 4 FF
Radial Distance (m) ~0 ~0 045 | 0.6 0.9 1.5 7.5
Sensor node Depth from the surface (m)
#1 0.8 0.8 0.6 0.9 0.9 1.2
#2 1.1° 0.8" 1.8 1.5 1.8 4.0
#3 1.7 1.1" 3.4 o 3.0 3.4 10.1
#4 2.3 2.3 6.4 o 6.1 6.4 | 19.2
#5 3.2 38 |94 | 3 9.1 | 94 [ n/a
#6 4.7 53" | 140 | & | 13.7 | 140 | nla
#7 6.2 6.9 18.6" | s 18.3" | 18.6" | n/a
#8 7.8 8.4 n/a - n/a na | nla
#9 9.3 13.0° | nla g n/a nfa | nla
#10 13.9" 175" | nla n/a n/a n/a
#11 18.4" 29.7 n/a n/a n/a n/a
#12 30.6 n/a n/a n/a n/a n/a

* The sensor has malfunctioned.

5.3.2 Testing site

The mock-up of the externally heated bridge deck is constructed during February and March of
2018 in the Dallas-Fort Worth metroplex, Texas, USA. Figure 5.4 (a) shows the daily and monthly
air temperature from August 2019 to August 2020. The minimum and maximum daily temperature
of the testing site were recorded to be about 0 and 35 °C, respectively. Also, the weather history
of the region showed the average annual rainfall precipitation is 95.3 cm for the average 81 days
with precipitation per year. Moreover, on average, the region has experienced 5 cm of annual
snowfall (Climate data of DFW international airport 2021). Although the region is familiar with

mild winters, several snowstorms in recent years are experienced, such as the snowstorm on March
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4-5, 2015, which was the fourth-largest ever recorded in a 24-hour period during March in the

region. Over two days, 8.9 cm of snowfall and the average air temperature during snowfall was

recorded around -2.2°C. Also, a very recent snowstorm on February 14-17, 2021, with 12.7 cm of

snowfall. The minimum air temperature of -18.9 °C was recorded, which was the second-lowest

minimum temperature recorded in the history of the DFW metroplex (NOAA’s National Weather

Service 2021). Moreover, Figure 5.4 (b) illustrates the average monthly ground temperature at

different depths during a year at the testing site recorded by the Far-field TMB. The result shows

that ground temperature beyond 10 m is relatively constant, but the soil closer to the ground surface

shows huge variation.
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Figure 5.4. On-site recorded temperatures at the Geothermal Bridge in Arlington, TX: (a) Air
temperature; (b) Subsurface soil temperature.

The subsurface investigation was carried out using the collected soil samples during the

drilling of the geothermal borehole. Figure 5.5 illustrates a simplified boring log of the testing site.

Soil classification has been carried out according to the Unified Soil Classification System

(USCIS). The result shows that the site has relatively uniform soil layers: clayey sand (SC) covers
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the top 24.3 m, followed by an 18.3 m layer of poorly graded sand (SP). A lean clay (CL) layer is
extended from 42.7 m up to 134.1 m below the ground surface. Figure 5.5 also shows the density,
thermal conductivity, and volumetric heat capacity variation along with the geothermal borehole
profile for three different water content. The lab equipment did not allow for testing higher water

content.
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Figure 5.5. Subsurface soil characteristics profile

Moreover, the subsurface soil was studied using the boring logs of a nearby bridge provided
by TXDOT. A selected simplified boring log is shown in Figure 5.6. According to the boring log,
the site has relatively uniform soil layers which include a top layer of 4.5 m lean clay which follows
by a 6.8 m layer of clayey sand. The boring log shows limestone layer below 11.3 m. The boring
logs stop at 18.3 m. Based on the provided report, it is estimated that limestone is extended to a
great depth beyond the interest of the project. Groundwater table encountered at 4.5 m below

ground surface at the time of drilling.
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Depth Symbol Material Description
(m)

CL Clay, brown, firm to very stiff, sandy, w/calcareous particles
4.5

SC Clayey sand, brown, loos to dense, w/limestone gravel
11.3

Timecstone:| Limestone, shaly, gray, w/dark gray shale seams, w/calcite crystals

18.3 s

Figure 5.6. Simplified boring log of the testing site’s nearby bridge.

There are some discrepancies between the TxDOT’s boring log and the lab test results at
UTA for the collected samples during drilling of the geothermal borehole. The authors believe, the
provided boring log tends to be more accurate as limestone is more likely covers the great portion
of the soil below 20 m. There might be error in the lab result mostly because the collected samples
are disturbed and might have a mixture of soils at different depth. Also, Drillers used bentonite
during the drilling for stability of the borehole wall which might have affected the collected soil
samples. Additionally, samples are collected at discrete depths, 6 m for the top layers and every
20 m for the deep layers, so no information is available for the soil layers in between.

The thermal property of the grouting material was also tested for different water content in
the lab. The grouting material was a mixture of 85% of bentonite and 15% of graphite. Figure 5.7
shows the relationship between thermal conductivity and volumetric heat capacity of the grout
with water content. The lab test also revealed the grouting material had a dry and saturated density

of 750 and 1200 kg/m?3, respectively.
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Figure 5.7. Variation of volumetric heat capacity and thermal conductivity with water content

Figure 5.8. Thermal response test apparatus at the site

Moreover, a formation thermal response test was carried out on site by a testing company
(Figure 5.8). Figure 5.9 shows the result of the test which compares the GHE temperature and
input heat rate versus the natural log of elapsed time. The company analyzed the temperature data

versus time using the line source method. A linear curve fit was applied to the average of the
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supply and return loop temperature data between 10 and 40.0 hours. The slope of the curve fit was
found to be 5.54. Thermal conductivity was determined to be 1.99 W/mK. The calculated
formation thermal conductivity was used along with an estimate of heat capacity to obtain the
diffusivity value. This formation has been estimated to have a thermal diffusivity of 0.078 m?/day.

Also, the undisturbed temperature of the soil was found to be about 21.5°C.
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Figure 5.9. The on-site GHE thermal response test result

5.4 Energy performance assessment methodology

The energy performance of the GHE can be evaluated by using the coefficient of performance
(COP). COP indicates the ratio of the total output energy of a system to its total consumption
energy. The COP for the GHE in the process of heat extraction in bypass and full-load mode can
be calculated using Equation 5.1 and 5.2, respectively. Also, Equation 5.3 can be used to compute

the COP for the GHE during the bridge solar-collector operation.

106



QEx
COPext bypass = = (5.1)

Wp
QExt + Wintotal
COPExt_full—load = le-n wl:lalo . (5.2)
COP,,; _ Unj (5.3)
Inj_bypass — W, .
D

Where Qexvinj, Win, tora are the heat transferred between GHE and ground, and total input

power to the system, respectively. They are calculated using equations (5.4) and (5.5), respectively.

QExt/Inj =mCp(T; — Tp) (5.4)
Wintotar = Whp + W (5.5)
Where m,Cp,T,, and T; are the mass flow rate, the specific heat of the fluid, outlet, and inlet
fluid temperatures of GHE, respectively. Moreover, Whp and Vi/p are the power input to the heat
pump unit and the circulating pumps, respectively.
The accumulated heat extraction during de-icing operation and the accumulated heat
injection during bridge solar-collector operation can be calculated as:
Qane = Xitq Qipxe X i (5.6)
Qanr = Xi=1 Qi,Inj Xt (5.7)
Where m and n represent the number of heat extraction and injection events, and t; is the
duration of the event.
A thermal imbalance classification of GSHPS is determined by IR and is defined as (Zhao

etal. 2018) :

[R = —24HIZQ4HE 10 (5.8)

max( QaHr,QAHE)
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A positive IR means that the heat injected into the soil outweighs the extracted heat, a
negative IR expresses heat extraction exceeds the heat injection to the ground. A lower IR indicates
a smaller discrepancy between heating and cooling loads.

The average total thermal energy storage in the cylindrical soil mass surrounding the GHE
can be quantified as follow (Claesson 1981):

Qstorea = (Ts — T)Comr?H (5.9)

Where T, and T, are the soil temperature in the storage zone and unaffected soil
temperature in the surrounding subsurface; C, represent the volumetric heat capacity of the soil; r

is the radius of a cylindrical soil mass volume, and H is the height of the soil mass.

5.5 Field Investigation Result

This section discusses the thermal and energy performance the GHE and ground’s thermal
response due to GHE operation at two different tests, namely: heat injection during bridge solar-
collector test, and heat extraction during bridge de-icing test. Soil temperatures were investigated
using TMB, 1,3, and 4; TMB2 was not utilized due to different string sensor type and availability
of the data. Also, since studying the temperature variation inside the borehole and trench is not the

focus of the current study they are not discussed in here.

5.5.1 Bridge Solar-Collector Test

5.5.1.1 Heat injection performance of GHE

To investigate the ground thermal recovery, the bridge solar-collector test was performed in the
first summer following the completion of the mock-up geothermal bridge deck construction. The

test spans from 8/8/2019 to 10/20/2019. The system was operated through the bypass mode in
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which heat carrier fluid transferred the heat from the bridge deck to the ground. In this test, the
fluid flow rate in GHE was 0.51 I/s. Figure 5.10 illustrate the inlet/outlet fluid temperature variation
in comparison with ambient and bridge deck temperature during this test. Bridge deck temperature
was recorded at 2.5 cm below the top surface. The average ambient temperature during the 74 days
of the test was 29.4 °C. The bridge deck temperature shows a similar trend however with an
average of 1.6 °C higher temperature with respect to ambient. This highlights the important role
of solar radiation on the bridge deck temperature. Also, the average inlet and outlet fluid

temperature from the GHE was recorded as 26.5 and 26.1 °C, respectively.

Bridge deck sensor data is not available.
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Figure 5.10. Inlet/Outlet fluid temperature for bridge solar-collector test

The heat transfer rate is calculated using Equation 5.4 and the result is shown in Figure
5.11(a). The average heat injection rate throughout the test was 0.75 kW. Overall, 1332 kWh of
energy was injected into the soil. The bridge solar collector operation COP is also illustrated in
Figure 5.11(a). It is calculated using Equation 5.3. For the bypass operation mode, the circulating

pump power is recorded as 0.76 kW (Habibzadeh-Bigdarvish et al. 2021c). In the Bridge solar-
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collector test, the system yielded an average COP of about 1; this means the amount of heat injected
into the ground was equal to the amount consumed by circulating pumps. Moreover, the heat
injection rate per unit length of GHE and heat collection rate by the bridge deck is shown in Figure
5.11(b). The average heat injection rate per unit length of the GHE was calculated as 5.7 W/m.

The average heat collection by the bridge deck is 42.2 W/m?,
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(a) (b)

Figure 5.11. (a) Heat rate and COP variation; (b) Heat injection and collection rate during the
bridge solar-collector test

5.5.1.2 Temperature profile of underground soil in the process of heat storage

The subsurface soil temperature variation was monitored for different depth and radial distances
from GHE using the TMBs as shown previously. Figure 5.12 illustrates the average daily soil
temperature profile for different radial distances and different times during the bridge solar-
collector test. The day equal to zero represents the initial condition of the site before the test begins.
In general, it is observed that the temperature of ground soil increases with time and changes more

gradually at the further radial distances from GHE. Figure 5.12 (d) shows the far-field temperature
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profile which receives no impacts from the GHE operation. The soil temperature below 10 m was
relatively constant throughout the test and was not influenced by the atmospheric condition. It can
be interpreted that the atmospheric condition influence zone at the testing site ranges from the
ground surface up to around 10 m below the ground surface. The soil temperature in the influence
zone was mostly increased following the hot air temperature during the test, however, in the final
stages of the test soil temperature in the vicinity of the ground surface was decreased due to the air
temperature drop in the last 14 days of the test. This observation is valid for all the TMBs.

Investigation of the soil temperature variation beyond the influence zone of the
atmospheric condition is of high importance as the direct impact of the GHE operation on the soil
temperature can be observed. The deepest sensor node (i.e. 14 m below the ground surface) of the
TMB 1,3 and 4 is a good candidate to further explore the temperature variation due to GHE
operation. The overall soil temperature following an increasing trend during the test, although the
cold air temperature during the final stage of operation caused some temperature decrease in the
soil. In all stages of the operation, the soil temperature reaction at 0.45 m radial distance shows a
greater influence by the GHE operation than at 1.5 m radial distance. For the soil below the 10 m
and for 0.45, 0.9, and 1.5 m radial distances, the bridge solar-collector test increased the soil
temperature by 0.75, 0.48, and 0.35 °C, respectively.

Figure 5.13(a) illustrates the radial temperature profile at 14 m below the ground surface.
The temperature at a radial distance equal to zero represents the average fluid temperature at the
inlet and outlet point, However, the other temperature nodes are the soil temperature recorded by
TMBs. For the initial time, the average inlet and outlet temperature has not been illustrated in the
figure as it is not a good representative of the average fluid temperature due to lack of fluid

circulation.
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distances from GHE: (a) 0.45 m; (b) 0.9 m; (c) 1.5 m; (d) Far-field.

Figure 5.13 (a) shows a constant temperature at the initial condition however the operation of the

system increased the temperature in soil, more temperature increase for the closer soil to the GHE

and less for the further distance. Figure 5.13 (a) can also be used for the investigation of the

temperature gradient (G) between the GHE fluid and the soil temperature as illustrated by the

schematic. Figure 5.13 (b) shows higher thermal gradient exists for the closer soil to the GHE. The
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average thermal gradient at 0.45 m radial distance is 2 and 3 times higher than that of 0.9 and 1.5

m radial distances, respectively. The maximum temperature gradients between GHE fluid and soil

temperature corresponds to the peak of ambient temperature and consequently bridge deck

temperature. According to the experiment results, a higher thermal gradient between the bridge

deck and fluid results in a higher thermal gradient between the fluid and soil.
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Figure 5.13. Radial temperature profiles (a) and thermal gradient (b) at 14 m below the ground
surface during the bridge solar-collector test

Figure 5.14 illustrates the radial temperature distribution around GHE at 14 m below the surface

and at different times of the bridge solar collector test. The radial temperature distribution plots

were generated using MATLAB software employing the cubic interpolation method for scattered

data collected from TMBs. Also, it is assumed that the temperature distribution is uniform in each

direction around the GHE. It can be observed how the temperature in the soil has changed

following the circulation of hot fluid in the GHE during the tests. The result states, the temperature
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in the soil at 0.45 m, 0.9 m, and 1.5 m from geothermal borehole was increases by 0.82 °C, 0.6 °C,

and 0.36 °C after 50 days of system operation.
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Figure 5.14. Temperature distribution of GHE’s surrounding soil at 14 m below the ground
surface: (a) Before system onset, (b) 15 days after system onset, (c) 50 days after system onset.
(Habibzadeh-Bigdarvish et al. 2020)

5.5.2 Bridge De-icing Test

During winter 2019-2020, a total of six de-icing tests were conducted. In this section, two
representative de-icing tests has selected for discussion. The operation mode is the key difference

between the two tests. For Test A, the system was operated in bypass mode however the Test B
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worked in full-load mode and utilized the heat pump in the system. Table 5.2 highlights the key
details of each test.

Table 5.2. Selected tests highlights

Operation Duration | GHE Flow Rate Freezing ambient temper_at_ure

Test Mode (hr) (I/s) #hr Average Minimum
' ' (O (O
A Bypass 80 0.56 25.00 -3.6 -5.9
B Full-load 76 0.51 6.75 -1.2 -2.5

5.5.2.1 Heat extraction performance of GHE

The first de-icing test was performed in the first cold-weather following the bridge solar-collector
test in summer. Test A spans from 11/11/2019 to 11/14/2019 and was performed in a bypass
operation mode for a total of 80 hours in which the bridge deck was heated with heat carrier fluid
directly circulated between the GHE and hydronic heating loops. The average ambient temperature
during the 80 hours of the test was -3.6 °C and the minimum ambient temperature was recorded
as -5.9 °C. During this test, the average inlet and outlet fluid temperature from the GHE was
recorded as 16.6 and 17 °C, respectively. Bridge deck surface temperature was above freezing
during the test with an average temperature of 8.6 °C.

The second test represents the de-icing tests which utilized a heat pump and operated in
full-load mode. The test occurred on 2/5/2020 through 2/8/2020. The average inlet and outlet fluid
temperatures during 76 hours of operation were 9.6 and 10.9 °C, respectively. Despite the milder
winter weather condition, the result shows the heat pump has enhanced the heat extraction process
as the inlet and outlet fluid temperatures were decreased in comparison to bypass mode operation.
Also, although the fluid flow rate is smaller in Test B in comparison to Test A there is a larger gap

between inlet and outlet temperature in comparison to that of bypass mode operation which is
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another indicator that proves more heat was extracted in Test B due to application of the heat

pump. The surface temperature for this test was monitored using a thermocouple installed on the

top surface of the heated zone. Overall, the heating system maintained above freezing temperature

on the surface. Figure 5.15 presents the heat carrier fluid temperature variation at the inlet and

outlet point of the GHE and compares it with the bridge deck and ambient temperature.
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Figure 5.15. Comparison of Inlet/Outlet fluid temperature with bridge deck and ambient
temperature: (a) Test A; (b) Test B.

80

The average hourly heat rate of the GHE for Test A and B is presented in Figure 5.16. The

heat extraction rate was greatly affected by the ambient temperature, it was peaked during the

minimum ambient temperature due to a larger gap between inlet and outlet temperature. In Test

A, an average of 0.8 kW of energy was extracted per hour. The average heat extraction rate was

increased to 2.7 kW for Test B, showing a 237% increase in heat extraction in comparison to test

A. The system power during Test A is similar to the bridge solar-collector test and equal to 0.76

kW. However, as the electricity consumption was not monitored for Test B, the average power of

1.4 kW was considered for system operation in a full-load mode according to previous tests’
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monitored result as discussed in the author’s other paper (Habibzadeh-Bigdarvish et al. 2021c).

The average COP during Test A and B are 1.1 and 2.9, respectively.
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Figure 5.17. GHE extraction rate and supplied heat flux to the bridge deck: (a) Test A; (b) Test
B.

Figure 5.17 illustrates the GHE extraction rate and supplied heat flux to the bridge deck for

Test A and B. For Test A, the average GHE extraction rate was 6.5 W/m and supplied heat flux to
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the heated area in the bridge deck recorded as 48.1 W/m?. However, for Test B the average GHE

extraction and supplied heat flux was increased to 20.7 W/m and 152.6 W/m?, respectively.

5.5.2.2 Temperature profile of underground soil in the process of heat extraction

The ground temperature was reduced due to the operation of the system for de-icing Tests. Figures
5.18 and 5.19 illustrate the ground temperature in the vicinity of the GHE during Test A and B.
During Test A, the temperature decreased in the top 4 m soil due to the atmospheric temperature
drop as can be seen in Figure 5.18 (d). Below the 4 m, the temperature change is the pure outcome
of the geothermal de-icing system operation. From the TMBs’ result, the greatest impact was
experienced by the soil at 0.45 m from GHE, the temperature drops can be seen for the entire
length. For Test A, the average temperature drop along the vertical profile for the soil below the 4
m depth is 0.7 °C at 0.45 m radial distances; Temperature change is less significant for 0.9 m radial
distance with 0.08 °C temperature decrease. It shows GHE operation impact at 0.45 m radial
distance was about 9 times greater than that of 0.9 m radial distance. The soil temperature at 1.5
m radial distance showed no change due to GHE operation for the depth below the 4 m.

For Test B, the initial ground temperature for the near-surface soil shows a colder
temperature than that of Test A. It is due to the 83 days gap between the two tests and the influence
of atmospheric conditions on the near-surface soil during this time. Similarly, ground temperature
was decreased during Test B as the heat was extracted by the GHE. The soil temperature at 0.45
m and 0.9 m radial distances were decreased by 1.3 and 0.17 °C along the vertical profile below
the 4 m depth, respectively. The soil at 1.5 m radial distance has again received no impact by GHE
operation. Following an analysis of all data, it was found that the GHE operation lasting less than
13 days would have little impact on soil temperature at 1.5 m radial distance, i.e., the soil

temperature change would be less than 0.1 °C. The GHE operation requires a minimum 10 hours
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and 3 days period for soil temperatures at 0.45 and 0.9 m radial distances to be affected by a
temperature change greater than 0.1 °C. Nevertheless, it is important to note that the intensity of
the heating and cooling load, subsurface conditions, and thermal property of the soil can influence

how quickly the soil temperature changes.
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Figure 5.18. Ground temperature profile during Test A at different radial distance from GHE: :
(@) 0.45 m; (b) 0.9 m; (c) 1.5 m; (d) Far-field.
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Figure 5.19. Ground temperature profile during Test B at different radial distances from GHE: :
(@) 0.45 m; (b) 0.9 m; (c) 1.5 m; (d) Far-field.
The radial temperature profile at 14 m below the ground surface and thermal gradient were also
investigated for Test A and B as illustrated in Figures 5.20 and 5.21. Both tests showed a constant
radial temperature profile at the initial condition, however, Test B was about 0.6 °C colder. This
is mainly due to the heat extraction in two previous tests since Test A was the first and Test B was
the third de-icing test of the winter season. Although the initial temperature conditions in Test B

were different from Test A, the heat pump's potential for higher heat extraction resulted in a greater
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temperature gradient in Test B. The result shows on average the thermal gradient in Test B is 2

times higher than that of Test A.
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Figure 5.20. Radial temperature profiles (a) and thermal gradient (b) at 14 m below the ground
surface during the de-icing Test A
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Figure 5.21. Radial temperature profiles (a) and thermal gradient (b) at 14 m below the ground
surface during the de-icing Test B
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5.5.3 Heat Storage and Extraction Analysis

Figure 5.22 illustrates the temperature variation in the soil at 14 m below the ground surface and
for different radial distances from the start of the bridge solar-collector test until the end of the first
de-icing test in the winter. The ground temperature shows a steady temperature around 22.3 °C
before the start of the bridge solar-collector test. As the test began the soil temperature starts to
rise; the increase in the soil is more gradual at the greater radial distances. The Bridge solar
collector test can be divided into two sections, the first 60 days of operation, when the air
temperature was varied between 26-35 °C, the soil temperature was increasing continuously due
to high thermal difference between the bridge deck temperature and consequently fluid
temperature, and the undisturbed ground temperature of 21.5 °C. Second, in the last 14 days in
which the air temperature varied around 55-80 °F, the fluid temperature decreased due to the
decrease in the bridge temperature following the air temperature drop. During this time, the GHE
heat injection rate decreased in comparison with the first 60 days, or even its operation mode
reversed and turn into heat extraction at some time instances.

Table 5.3 summarizes the key information for the thermal and energy response of the
subsurface soil from bridge solar-collector test in summer to first bridge de-icing test in the winter.
To and Tend represent the temperature at the initial and final stage of the test. Overall, the ground
temperature increase (ATsolar-collector Test) due to bridge solar-collector test was recorded as 0.75,
0.48, and 0.35 °C at 14 m below the ground surface and 0.45, 0.9, and 1.5 m radial distances. Also,
the temperature change rate (TCR) was calculated as 0.01, 0.007, and 0.005 °C/day, for the same
radial distances, respectively. From the end of the bridge solar collector test to the beginning of
the first de-icing test the system was inactive for 22 days; during this time, the temperature

decrease (4 Tinactive) N the soil was observed as -0.52, -0.28, -0.17 °C at 0.45, 0.9, and 1.5 m radial
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distances, respectively, which results in a TCR of -0.023, -0.013, -0.008 °C/day for the same radial
distances, respectively. The overall temperature increase in the soil for the period from the initial
stage of the bridge solar collector test to that of the 1% winter de-icing test (AToveranl) Was observed
as 0.23, 0.21, and 0.18 °C at 0.45, 0.9, and 1.5 m radial distance, respectively. The result also
shows that the soil mass surrounding the GHE could maintain the temperature rise for about 40

days. In other words, it took 40 days for the GHE surrounding soil mass to get in an equilibrium

state with the far-field soil.

25
z=14m
—RD=045m
RD=09m
24 —RD=15m

1st Bridge De-icing Test
=

Temperature (°C)
[SS]
[¥5]

3]
]

Bridge Solar-Collector Test

21 1 1 1 1 1 1 1 1 1 1
8/1/2019 8/31/2019 9/30/2019 10/30/2019 11/29/2019
Time

Figure 5.22. Ground temperature variation at the depth of 14 m and different radial distances
(RD) from bridge solar collector test in summer to 1% bridge de-icing test in the winter
The stored thermal energy (Qsolar-collector Test) In the cylindrical soil mass surrounding the
GHE was calculated for different radius using Equation 5.9. The soil temperature at 14 m below
the ground surface was used and the same temperature change was assumed along the 131 m GHE.
Also, the average volumetric heat capacity for the 20% water content along the GHE depth was

considered. The initial temperature of the soil was considered as the unaffected soil temperature
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in the surrounding subsurface. Sensors at different radial distances were used to determine the
storage volume temperature for different radii. In the 1.5 m radius, the average of all sensors was
considered, while in the 0.9 m radius, the average of the sensors at 0.9 and 0.45m was considered.
However, for the stored thermal energy in the cylinder of a 0.45 m radius, only the temperature
measurement from the sensor at the same radial distance was considered. The test result describes
how much energy is stored at varying storage volume radius after the bridge solar-collector test
(Qsolar-collector Test), how much energy is preserved for the first de-icing test (Qeftetive), and how much
energy is lost which accounts for the dissipated heat to the far-field during the inactive period
(Qneat 10ss). The results demonstrate that depending on the storage volume definition about 31.7-
39.4% of the stored thermal energy was preserved for the utilization in the first winter de-icing
test meaning about 60.6-68.3% of heat loss. It was also found that the heat loss rate was two times
greater than the thermal energy storage rate for the storage volume of 1.5 m radius. The thermal
energy storage rate was 5.14 kWh per day however, the heat loss during the inactive time was 10.5
kWh per day. In addition, considering the total of 1332 kWh injected energy during the bridge
solar-collector test, and assuming the same temperature difference between the unaffected
subsurface and the storage volume of 1.5m radius for the entire influenced zone, the radius of the
thermal influence zone of the GHE after 74 days of operation is about 3.45 m. However, a more
accurate estimation could be made if the soil temperature measurement beyond 1.5 m was also

available.
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Table 5.3. Summary of the soil thermal and energy response during the study period from bridge
solar-collector test in summer to 1% bridge de-icing test in the winter

Radial Distance (RD) 045m | 09m | 15m
Tosolar-collector Test (°C) 22.23 | 22.28 | 22.32
Tend,Solar-collector Test (°C) 2298 | 22.76 | 22.67
ATsolar-collector Test (°C) 0.75 0.48 0.35

TCRsolar-collector Test= AT/Time (°C/Day) 0.010 | 0.007 | 0.005
To, 15t De-icing Test (°C) 2247 | 22.48 | 22.50
AT inactive= To,1st de-icing Test - T End,Solar-collector Test (°C) -0.52 -0.28 | -0.17
TCRpmactive= arrime (°C/Day) -0.023 | -0.013 | -0.008
AToverall= To,1st de-icing Test - T 0,Solar-collector Test (°C) 0.23 0.21 0.18

Qsolar-coltector test (K\Wh) 489 | 160.1 | 380.8
QHeat loss (KWh) 334 | 102.7 | 230.1
Qeffective (KWh) 15.5 S57.4 150.7
Soil thermal storage efficiency (%)= (Qkffective/Qsolar-collector test )X 100 31.7 35.8 394

5.5.4 Ground Thermal Balance and Operation Strategy

This section studies how the bridge solar-collector test contributes to the ground thermal balance
and increase in the soil temperature for the first de-icing test in the winter. Table 5.4 shows the
summary of annual GHE energy performance as well as the thermal imbalance ratio (IR) in the
ground. Overall, 1332 kWh of energy was injected, and 603 kWh of energy was extracted
throughout the year. IR was calculated using Equation 5.8 and found to be 54%. It means the heat
injection into the soil by bridge solar-collector was 54% more than heat extraction from the ground
during the six de-icing tests in the winter. The outcome of the analysis confirms, that in addition
to the fully recovered thermal condition of the ground, the ground temperature was also increased

to improve future energy harvesting.
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Table 5.4. Annual GHE energy performance

System operation t (hr.) Qext/mj (KW) | Qgxe/m; (KWh)
De-icing operation in bypass mode 191 0.8 153
De-icing operation in full-load mode 167 2.7 450
Bridge solar-collector operation 1776 0.75 1332
Qane (KWh) 603
Qanr (KWh) 1332
IR (%) 54

In general, the problem of the thermal imbalance in the soil directly depends upon the number of
days of the geothermal de-icing system operation. It is less critical if the number of operation days
is limited. The soil temperature can be fully recovered or even increase by the bridge-solar
collector test. In order to ensure ground thermal balance, the authors suggest using Equation 5.10
to estimate the time needed for bridge solar collector operation. In general, it requires the same

amount of time as the bypass heating mode and four times as long as the full-load heating mode.

Required tprigge solar—coliector = tbypass heating mode T (4 X truti—ioad heating moae)  (5.10)
The suggested equation is valid as long as the GHE fluid flow rate is more or less the same for de-
icing and bridge solar-collector operations. The bridge solar-collector operation's flow rate can be
increased to reduce operating time as heat injection is enhanced as a result. The bridge solar-
collector test should be conducted during hot summer weather. An automated system can use the
air temperature as a criterion for the onset of the system. The test result shows a poor heat injection
performance when the air temperature was below 26°C. The heat injection increases as the
temperature gradient between the ambient and undisturbed ground increases. It should be avoided
to perform the bridge solar-collector test when the difference between the ambient and undisturbed
ground temperature is less than 5°C since the energy consumption of the circulating pump will be

greater than the heat injected into the soil and the result in COP<1. As shown in this study, the
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temperature rises in the GHE surrounding soil mass can also be maintained which can help the
winter de-icing operation, however, the gap between the bridge solar-collecting operation and de-

icing operation should be less than 40 days.

5.6 Conclusions

This study focused on the thermal and energy performance of the 131 m GHE in an external
geothermal bridge deck de-icing system which was implemented on a mock-up bridge deck in the
DFW metroplex, Texas, USA. The monitoring system at the site permitted the investigation of
temperature distribution in the soil around the GHE as well heat storage capacity during the bridge
solar-collector test and heat extraction during the de-icing tests. Two de-icing operation modes
were compared, and the result highlighted the great role of the heat pump in the system and its
potential to boost the heat extraction from the ground and achieving higher COP. A heat storage
analysis was performed using the measured field data. The analysis result revealed that the ground
temperature beyond the atmospheric condition influence zone was increased as a result of the
bridge solar collector test and preserved for utilization in the first de-icing test in the winter.
According to the results of the study, only a small portion of the stored heat remained within the
GHE surrounding soil mass, and the majority of the injected heat was lost via lateral heat transfer.
The role of bridge solar-collector operation on the ground thermal balance was also evaluated and
discusses. It was observed the bridge solar-collector operation fully recovered the ground thermal
condition by providing more than two times injected heat than the extracted from the ground.
Moreover, the operation strategy to optimize the performance of the system was also discussed
and a simple equation to calculate the optimum required number of days for bridge solar-collector

operation is also presented.
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CHAPTER 6: ON THE MODELLING OF A U-TUBE GROUND HEAT
EXCHANGER: APROPOSED COMPUTATIONALLY EFFICIENT
NUMERICAL MODEL AND EXPERIMENTAL VERIFICATION

6.1 Abstract

As one of the disadvantages of the finite element (FE) models is huge computational time, it is
essential to develop an FE model with high accuracy and minimal computational time. In this
study, a computationally efficient 3D transient FE model is developed in COMSOL Multiphysics
which used a 1D pipe flow to represent the physical fluid flow. In this model, an equivalent 1D
pipe flow is developed using an analytical method, instead of fully modeling the borehole. The
proposed model intends to sacrifice the temperature distribution inside the borehole and simulate
the borehole wall temperature with less computational time, the same level of accuracy, and more
convenient meshing. The proposed model is compared with a conventional model and validated
against the experimental data. A good match between experimental and numerical results was
found and the result showed the proposed model was successful in simulating fluid temperature,
borehole wall temperature, and surrounding soil temperature. Comparison between conventional
and proposed models indicated that the proposed model provides high accuracy as the conventional
model and decreases the required number of elements by 90% and 67% for the optimum and extra
fine mesh cases. Moreover, the computational time is reduced by 95% and 81 % for the two mesh

cases, respectively.

6.2 Introduction

Geothermal energy has been increasing interest due to its potential to reduce fossil fuel
consumption and consequently greenhouse gases emission. It is a green and reliable source of

energy that can be utilized for a variety of purposes such as thermal conditioning of the building,
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de-icing, and snow-melting of pavements or bridge decks, etc. Commonly, a ground source heat
pump system (GSHP) which is a highly efficient, renewable energy technology, is used to employ
geothermal energy (Omer 2008; Spitler and Bernier 2011). This technology relies on the ground
heat exchangers (GHE) buried into the ground to extract heat during the cold season and depletion
during the warm season. It works on a basis that, the ground temperature is relatively constant,
around 10-15 °C, below a certain depth, it is warmer than the air in winter and cooler than the air
in summer (Brandl 2006). GHEs are the most important part of ground source heat pumps (GSHP),
which profoundly impact their performance. Frequently, boreholes are used for installing the
ground heat exchangers in the soil. Vertical ground heat exchangers (VGHE) can be designed in
different arrangements such as single U-shaped pipes, double U-shaped pipes, or coaxial pipes.
They are inserted vertically into the borehole and then fixed by backfilling the borehole with grout.
High thermal conductive grout is suggested for better heat transfer between GHE and surrounding
soil.

As a result of the complex transient 3D transport phenomena of ground heat exchanger
(GHE), models and simulations of GHE serve as important tools in modern geothermal heat
extraction technologies. Throughout the years, different numerical models of high and low
complexities have been developed and utilized as a design tool for GHEs. In an early study,
Signorelli et al. (2007) compared the output of the 3-D numerical model with analytical model
results to study the influencing factors on the analysis of thermal response test data. They utilized
the 3-D finite-element (FE) code FRACTure developed by Kohl and Hopkirk (1995). The effects
of heterogeneous subsurface conditions and soil moisture migration were considered in their study.
They concluded that in contrast to the line-source model, the numerical analysis is more suitable

for an accurate assessment of thermal response tests because, despite the line-source model, it can
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analyze heat injection rates as well as borehole geometry. A dynamic three-dimensional numerical
model using the finite volume method was developed by He et al. (2009), to assess the short
timescale transient responses of a borehole heat exchanger (BHE). The model consists of a single
borehole with a diameter of 15 cm and a depth of 100 m. The result showed that the delayed
response due to the circulation of fluid along the pipe loop is important at short time scales i.e., 10
min. In another study, Lamarche et al. (2010) studied the borehole thermal resistance and
developed 2D and 3D numerical models in COMSOL to evaluate and compare the different
approaches to determine the resistances. They proposed a new method to calculate the borehole
resistances from in situ tests.

In order to reduce the computational time and effort, some researchers have simulated the
GHE using 2D models. Austin 111 (1998) employed a 2D finite volume model to determine the
thermal conductivity of the ground. Lazzari et al. (2010) examined the long-term performance of
different borehole heat exchanger (BHE) fields configuration using 2D finite element models in
COMSOL software. For each BHE field geometry, they discussed heat load and thermal
conductivity of the ground, illustrations of the minimum annual value of the fluid temperature for
a period of 50 years. Based on the analysis output, they concluded that except for a single BHE,
long-term performance is adversely impacted for every case. Choi et al. (2013) also studied the
influence of groundwater flow on BHE arrays and used a 2D finite element method to simulate the
heat transfer outside the borehole.

For the case that a full description of the borehole geometry is required, a 3D model can
be used which usually results in extreme geometrical aspect ratio problems. However, as it is
essential to employ an advanced and efficient numerical simulation, Al-Khoury et al. (2005) and

Al-Khoury and Bonnier (2006) proposed a new numerical technique to overcome the extreme
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geometrical aspect ratio problem. They used a combination of finite element method and thermal
capacity models to model single and double U-pipe elements in a three-dimensional (3D), finite
element model, using 1D finite element representations. A new formulation was proposed to
account for thermal interaction between the GHE pipe and grout inside the borehole. There is
conduction heat transfer through the pipe wall and convective heat transfer between the heat carrier
fluid and the pipe's inner wall. However, the application of the 1D pipe element causes some
estimation errors. First, in the actual physical process, pipe-grout temperature coupling occurs at
the distance of the pipe outer radius from the pipe axis, while in 1D pipe element modeling, the
outer pipe wall temperature is coupled to the temperature field of the grout domains at the pipe
axis, moreover, the 1D pipe element modeling does not consider the heat capacity of the pipes
(Ozudogru et al. 2014). Ozudogru et al. (2014) developed a numerical model in COMSOL that
solved the problems associated with the 1D pipe flow model which applied the pseudo pipe
approach to prevent the errors. A pseudo pipe is a cylinder with a radius equal to the pipe's outer
radius, centered on the axis of each leg, with very high thermal conductivity in the radial direction
and very low in the vertical direction. The heat capacity of the pipes is assigned to the pseudo pipe
elements and as a correction factor, the pipe volume ratio is used to estimate the density of the
pseudo pipe elements. They compared the developed model results with those from an analytical
model and a good match was found. Han and Yu (2016) used a 3D finite element model in
COMSOL and performed a series of sensitivity analyses and investigated the impact of the
geological, design, and operational factors on the performance of the vertical geothermal heat
pump system. The authors employed the 1D pipe element and simulated the steady-state and
unsteady behavior of the GHE. They concluded that ground thermal conductivity and circulation

fluid flow rate are two critical factors greatly affecting the performance of the GHE. The result
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also showed that thermal energy can be extracted less costly, more efficiently, and higher
coefficient of performance (COP) can be achieved in an intermittent operation mode in caparison
to the continuous operation mode. Similarly, A 3-D numerical model was developed by Li et al.
(2018) to assess the GSHP's performance under the impact of depth varying unsaturated soil
thermal properties, the depth of the groundwater table, and the movement of saturated
groundwater. Furthermore, some studies examined the soil's thermal properties and their impact
on system performance using 3D numerical models that were validated with test data(Han et al.
2018; Li et al. 2019).

The finite element modeling is a strong tool in simulating the GHE operation and heat
transfer process between circulation fluid to the ground, however, one of the drawbacks of the
finite element models are high computational time and effort. Therefore, there are also studies
focused on the development of an efficient finite element model. Boockmeyer and Bauer (2016)
developed an adapted model for BHES to simulate the geothermal application with high efficiency
and accuracy. In their approach, the BHE geometry is adapted meaning that, first, circular
geometries are replaced by equivalent rectangular geometries as they accommodate the mesh
optimization process, and then optimal mesh density is determined. As the volume in both
geometries remains constant the volumetric heat capacities were the same, however, equivalent
thermal conductivities were determined following the modification of the geometry. Finally, they
compared the adapted and original model output with experimental data and found a good fit
between simulation results and experimental data. A study conducted by Zhang et al. (2020),
focused on the heat transfer behavior in subsurface soil in the vicinity of GHE through a small-
scale laboratory experiment and a 3D FE model in COMSOL software in which a 1D pipe element

was utilized to represent the GHE. They applied the pseudo pipe element approach as proposed by
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Ozudogru et al. (2014) to overcome the estimation errors of the 1D pipe element module. The
developed model was compared with experimental data and a good match was achieved.

In this paper, a computationally efficient 3D transient FE model is developed in COMSOL
Multiphysics (Comsol 2018) which utilizes a 1D pipe flow module. In this model, the modeling
of the grout and pseudo pipes are replaced by modifications in the geometry and thermal properties
of heat exchanger pipes. The proposed model is then compared with a conventional model which
employs grout and pseudo pipe in the model and validated against the experimental data. Finally,
the accuracy and computational time of the proposed and conventional model are compared and

discussed.

6.3 Numerical Model Development

6.3.1 Theoretical Basis of The Heat Transfer Processes

The physics of thermal processes of the proposed numerical model which simulate the operation
of the ground heat exchangers (GHE) can be divided into three steps: (1) convection heat transfer

between fluid and pipe; (2) conduction heat transfer between pipe and borehole grout; (3)
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conduction heat transfer between borehole grout and adjacent ground. Figure 6.1 illustrates the

heat transfer process from fluid to the material outside the wall.

2

internal
Sfluid
m
wall
Tuia
AT
T\’v, int
ATan
T\'v,e.\'r
A 7-(’\ 1
T;nh‘d

Figure 6.1. Temperature distribution across the pipe wall (Gawecka et al. 2020)

6.3.1.1 Heat transfer between heat carrier fluid and GHE pipe

The heat transfer between the fluid and GHE is physically modeled using 1D non-isothermal pipe
flow (Figure 6.2). Reducing 2D or 3D problems to 1D provides a great benefit in computational
efficiency. The linear pipe element approximates the heat exchanger pipe which uses built-in

equations to solve the fluid flow in pipe and heat transfer problem simultaneously.
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Figure 6.2. lllustration of reducing 3D flow problem to a 2D or 3D curve (Comsol 2018)
In order to determine the pipe flow problem, the momentum (Equation 6.2) and continuity

(Equation 6.1) equations are solved.

dAp

-5 TV (Apu) =0 (6.1)

0 1
Poe ="V = foy lulu+F (6.2)

Where A is the cross-section area, p represents the density of the fluid, u stands for the fluid
velocity, p is the fluid pressure, t is the time, T is the temperature, f}, is the Darcy friction factor,
dn represents the hydraulic pipe diameter, F is the volume force according to fluid density variation.
In Equation 6.2, the second term on the right-hand side corresponds to pressure drop due to viscous
shear. The Darcy friction factor represents the continuous pressure drop along the pipe segment
due to viscous shear which is demonstrated as a function of the Reynolds number (Re) and the

ratio of the surface roughness to the hydraulic diameter (e/dn) (Equation 6.3).
fo =f(Re,7) (6.3)

The Darcy friction factor can be estimated using the (Churchill 1977) equation as follows:

]1/12

fo =8 [(Rie)12 +(Cy + Cp) 715 (6.4)

Where Ca and Cg are factors that are given as follows:
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Cy = [—2.457ln ((E)O'9 + 0.27(6%))]16 (6.5)

37530)16
Re

Cp = ( (6.6)
Equation 6.4 can be used for any range of Reynold numbers, which means it is valid for
any flow regime. The Absolute surface roughness of the pipe is represented by e which is given as

0.0015 mm for the plastic pipe. Also, Re is the Reynolds number, a dimensionless parameter which

defined as the ratio of inertia and viscous forces, such that:

Re = %d" (6.7)

As mentioned earlier, the term F in Equation 6.2 represents the volume force. It accounts
for density variation and assuming the heat carrier fluid is an incompressible Newtonian fluid, F
set to zero.

The heat transfer in pipes problem is governed by the energy conservation equation, which

involves conduction, convection, and dissipation processes. It is given as:

aT A
PAC, 5t + PAC,U. VT = V. AKVT + fo 2 [ul® + Qua (68)

Where Cy, k are the specific heat capacity and thermal conductivity of the heat carrier fluid,
respectively. The terms on the left-hand side of the Equation 6.8 demonstrate the change of thermal
energy in a fluid control volume. On the right-hand side, the first term corresponds to heat
conduction and the second term on the right-hand side describes the heat generation due to viscous
shear. Newton’s heat dissipation theory can be used to calculate the radial heat exchange between
fluid and pipe wall, Qwan, which is calculated by:

Qwan = (hZ)(Tw,ext —T) (6.9)

Where T is the fluid temperature, Twext IS the pipe exterior wall temperature wall, hZ is the

total thermal resistance of the pipe wall and is described by Equation 6.10. An equivalent thermal
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resistance term is used to account for the influence of the pipe wall on heat transfer. This term
includes the contribution of the pipe's thermal resistance as well as the thermal resistances of the
internal and external films with convection layers which are assumed to be in serial with each

other.

hZ) = L 6.10
") =———m 19

} }
Tihint Tohext k

Where h is the convection coefficient. Z is the total thermal resistance considering those
by the internal film, pipe wall, and external film, ri, and r, are the internal and external radius of
the pipe respectively. Since the external layer is solid with no convection, hex is set as zero. For

the thermal resistance of the internal fluid boundary layer, hin is given by:

i = NuL (6.11)
dp

Where Nu is the internal Nusselt number explaining the dimensionless temperature

gradient at the pipe wall. The magnitude of Nu in the laminar condition is 3.66, whereas in

turbulent conditions, it is calculated as follows:

(fp/8)(Re—1000)Pr

Nttjne = 1+1.27,/fp/8 (Pr2/3-1) (6.12)
Where Pr is the ratio of the momentum and thermal diffusivities, such that:
pr =2 (6.13)

6.3.1.2 Heat transfer in the borehole

The borehole grouting material is considered solid. In the solid domain heat transfers through
conduction. The heat exchange process in the borehole is given by Equation 6.14. It is linked with

the heat carrier fluid via the heat exchange term Qwarr .
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oT.
PgCrg a_: - V. (kgVTz) = Qwau (6.14)

Where p,, is the density of the grout, C,, is the specific heat capacity of the grout, and k,

is the thermal conductivity of the grout.

6.3.1.3 Heat transfer in the surrounding soil

The adjacent soil is also considered as a pure solid and the heat exchange process with the adjacent

ground of the borehole involves only thermal conduction. It is given as:

psCps 52 = V. (kVT,) = @ (6.15)
Where p; is the density of the soil, C,; is the specific heat capacity of the soil, and k; is the

thermal conductivity of the soil. Q represents the heat source or sink in the ground. However, as

there is no extra heat source or sink in this study, this term is set as zero. Twext in EQ. 9 can be

obtained by solving Equations 14 and 15. After appropriate boundary and continuity conditions

are applied, the system of equations may be solved. It is then possible to determine the temperature

distribution across the radial direction as well as along the GHE pipe.

6.3.2 Experimental Set-up and Monitoring System

A 56-m? mock-up geothermal bridge was constructed in Arlington, TX, to study the feasibility and
performance of an external geothermal heat pump de-icing system (GHDS) (Habibzadeh-
Bigdarvish et al. 2021c). Figure 6.3 illustrates the schematic of the experimental setup. The de-
icing system consists of the hydronic heating pipes attached to the bottom surface of the bridge
deck and is considered as external heating in contrast to conventional embedded hydronic heating
systems. Also, to minimize the heat loss from the bottom, the hydronic pipes are covered by a layer
of insulation foam. The mock-up bridge deck consists of three zones: an external heating zone, an
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internal heating zone, and a control zone. It utilizes both the traditional type of GHDS, which uses
internal hydronic pipe embedded in the concrete slab, and the newly developed method, which
utilizes external hydronic pipe attached to the bottom surface of the bridge deck. The end section
of the bridge deck is also considered as a control area with no heating. Also, the experimental field
test setup consists of a geothermal borehole of 132.5 m (from ground level) deep and 14.6 cm
diameter which hosted a single U-tube heat exchanger loops made of high-density polyethylene
(HDPE) pipe with a standard dimension ratio (SDR) of 11 and 3.45 cm inside diameter. Table 6.1
shows the geometrical detail of the GHE.

The subsurface monitoring system consists of five 10 cm diameter temperature monitoring
boreholes (TMBs), which are equipped with thermistor strings and radially scattered around the
geothermal borehole to investigate the temperature distribution in the soil and at different depths.
Also, two thermistor strings were attached to the outer surface of the GHE legs to monitor the pipe
and grout interface temperature variation. Table 6.2 shows the detail of the thermistor strings'

radial distance from the geothermal borehole central axis and the depths of sensor nodes on each

string.

Table 6.1. The geometrical details of the borehole and heat exchanger pipe

Parameter Value
GHE type Single U-pipe
Pipe Material HDPE
U-pipe Length 132.5m
Borehole Diameter 14.6 cm
Pipe inner diameter 3.45cm
Pipe wall thickness 0.38 cm
Pipe shank spacing 1.1cm
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Figure 6.3. Schematic of the experimental setup

Table 6.2. Details of installed thermistor string.

Thermistor string Ir!let Ogtlet TMB | TMB | TMB | TMB | TMB
pipe pipe 1 2 3 4 FF
Rad'a'(n[i;Stance 0 | ~0 | o045 | 06 | 09 | 15 | 75
Sensor node Depth from the surface (m)
#1 0.8 0.8 0.6 0.9 0.9 1.2
#2 1.1° 0.8" 1.8 15 1.8 4.0
#3 1.7 1.1° 3.4 o 3.0 3.4 10.1
#4 2.3 2.3 6.4 o 6.1 6.4 19.2
#5 3.2 3.8 | 9.4 3 91 | 94 | nla
#6 47" | 53" | 140 | & 13.7 | 140 | n/a
#7 6.2 6.9 18.6" 3 18.3" | 186" | nla
#8 7.8 8.4 n/a - n/a n/a n/a
#9 9.3" | 13.0° | n/a ; n/a n/a n/a
#10 13.9" | 175" | nla n/a n/a n/a
#11 18.4" | 29.7 n/a n/a n/a n/a
#12 30.6 n/a n/a n/a n/a n/a

* The sensor has malfunctioned.
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6.3.3 The Conventional FEM Model

A conventional FE model was first developed as a source for evaluating the proposed FE model’s
performance. Both 3D FE models were developed in COMSOL Multiphysics (Comsol 2018)
based on the GHE, as described previously. The conventional model consists of several
components, namely: pipes, the borehole grout, and the soil/rock surrounding the borehole. The
material properties are listed in Table 6.3. The 3D model was developed such that no thermal
interactions occur across the lateral boundaries. The computational domain for the adjacent ground
was set to be a cuboid of 15 m x15 m x 137 m assuming two soil layers in which the top layer
extended to 7 m below the ground surface and corresponds to the unsaturated soil above the
groundwater table, moreover, the second layer represents the saturated soil. The GHE was modeled
using a non-isothermal pipe flow with a 1D line element. However, to compensate for the
limitation of the 1D pipe element modeling, the “pseudo pipes” were defined as proposed by

Ozudogru et al. (2014).

Table 6.3. The material properties of the GHE in this study

Material Mass density Thermal conductivity | Specific heat capacity
(kg/m® (W/m.K) (I/kg.K)
Circulation fluid 1021 0.48 4038
Linear pipe 0.38 n/a n/a
. Material: 970

Pseudo pipe Effective: 328.8 {1000, 1000, 0} 1800
Borehole Grout 1200 2.1 2800
Unsaturated Soil 1700 0.75 1050
Saturated Soil 2300 2.5 1300

In this study, the model development follows the same steps as previously discussed by
Habibzadeh-Bigdarvish et al. (2021b). The numerical simulation includes two models: (1) Initial

ground temperature model, (2) GHE operation model. The output temperature domain of the first
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model was implemented as the initial conditions for the second model. The common boundary
conditions in both models are the adiabatic boundary condition on sides of the model and the
Dirichlet boundary condition on the bottom boundary equal to the undisturbed ground temperature
of 21.5 °C. The initial ground temperature model is fully discussed in (Habibzadeh-Bigdarvish et
al. 2021b)

In the first model, the initial temperature of the whole domain was also set to be undisturbed
ground temperature. The average monthly temperature of the site was applied as a Robin boundary
condition at the ground surface with a constant wind velocity of 5 km/h, to describe heat exchange
between ground and atmosphere. Moreover, the impact of the solar radiation on the soil
temperature was simulated by the Neumann boundary condition representing the average monthly
heat flux density of the soil surface. Figure 6.4 shows the average monthly air temperature and soil
density at the testing site. The air temperature was monitored on-site, however, the solar radiation
data were collected from an online source (Marion and Wilcox 1995) and it was assumed that the
soil heat flux density to net solar radiation ratio (G/Ry) is equal to 0.12. The first simulation was
repeated over the 10-year cycle with the same boundary conditions to minimize the effect of the
initial boundary condition on the final result. Finally, the monthly output temperature domain of
the 10th year was used as the initial ground temperature profile of the second model.

The second model simulates the GHE operation under heating and cooling load. For the
month in which the operation started, the initial temperature of the whole domain was inputted
from the first simulation’s result. The average hourly ambient temperature, as well as the wind
velocity of the site during the event, was applied as a Robin boundary condition at the ground
surface boundary. The GHE operation was modeled by specifying the inlet temperature and

volumetric flow rate boundary conditions in the inlet location of the GHE. Moreover, an imperfect
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contact was considered by applying thermal contact between pseudo pipes and grout at the outer
surface of the pseudo pipe and between the grout and surrounding soil at the borehole wall. This
is due to the resistance caused by the film layer if the pipe is surrounded by water or because of
contact resistance as a result of an imperfect contact between the pipe and a solid material
(Gawecka et al. 2020). Basically, it is assumed the voids in the contact surfaces are filled with

water.
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Figure 6.4. Average monthly air temperature and solar radiation data for the testing site

6.3.4 A Proposed simplified Model

In an attempt to reduce the computational time and meshing issues of the conventional model, a
simplified model was proposed. In the new model, only ground heat exchangers are modeled, and
the simulation of the grout and pseudo pipe is disregarded. An equivalent 1D pipe flow was
developed to account for the thermal property of the pipe wall and grout. The proposed model

intends to sacrifice the temperature distribution inside the borehole and simulates the borehole wall
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temperature with less computational time, the same level of accuracy, and more convenient
meshing. The proposed model is suitable when focusing on the fluid temperature as well as the

temperature distribution in the soil. Figure 6.5 compares the schematics of the conventional,

proposed, and physical models.
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Figure 6.5. Schematic diagrams of GHE: (a) physical model; (b) Conventional model with1-D
pipe flow and pseudo pipe; (c) Proposed model.

The heat capacity of the new pipe element is the sum of the heat capacities of the grout and
HDPE pipe and is given by Equation 6.16. However, since the 1D pipe element cannot account
for the heat capacity of the pipe, the volumetric heat capacity of the pipe is kept constant, and the
new outer pipe radius (rponew) IS calculated using Equation 6.17. The new outer pipe radius can
provide an equivalent volumetric heat capacity for the GHE pipe elements representing both grout
and pipe.

27T(szo—new - Tz?i)(Pc)p = 27T(rpzo - r;?i)(pc)p + 7'[(7'172 - zrpzo)(pc)gt (6.16)
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2m(r2,-12 ) (pO)p+m(rfE—212,)(pC) gt
Tho—new = \/ ( p P) an(pc)pb 14 g + rpzi (617)

Where rpi and rpo are the inner and outer radius of the pipe, respectively, ry is the radius of
the borehole, and (pc), and (pc)4. are the volumetric heat capacity of the pipe and grout,
respectively.

The multipole method Bennet et al. (1987) is used to calculate the thermal conductivity
value of the equivalent pipe (kp-new). It is evaluated so that the thermal resistance per unit length of
the cylindrical layer placed between rpi and rpo-new is the same as that of the rpi and rgt. The Kpnew IS
given by:

1

Kp-new = 7——1In (2229 (6.18)

p—new Tpi

Where Rp-new IS the thermal resistance of the equivalent pipe which is estimated as (Bernier

2001):
R
Rp—new = 2(Rgt + ?p) (6.19)
Where Ryt and Rp are the thermal resistance of the grout and pipe, respectively. They can

be calculated as:

1 o
— )
Roe = e n (2 (6.21)

The new parameters were calculated and utilized in the proposed model to build the

equivalent heat exchanger pipe. In this study, the rpo-new and Kp-new Were found to be 13 cm and 0.7
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w/m.K, respectively. Finally, similar steps as the conventional model were taken and the same

boundary conditions were applied, and the proposed model was developed.

6.3.5 Mesh schema

The finite element mesh of both models was generated automatically by COMSOL for the whole
domains using free tetrahedral mesh elements (Figure 6.6). The automatic mesh generation settings
were adjusted to result in the optimum number of elements however avoid any bad quality mesh
(i.e. distortion, thin region, element intersections, etc.) that can be detected automatically by the
software. For a fair comparison between the conventional and proposed models, the same settings
were applied for both models. Also, an extra-fine mesh was also generated to provide a smoother
vertical temperature profile when investigating the accuracy of the numerical models and
comparing them with experimental data. Table 6.4 illustrates the settings for automatic free
tetrahedral finite element mesh generation. Maximum and minimum element sizes indicate the
upper and lower bound of the element size, maximum element growth rate expresses the size
difference of two adjacent mesh elements, curvature factor shows how big a mesh element can be
along a curved boundary, and the resolution of narrow regions controls the number of layers of

mesh elements in narrow regions (Comsol 2018).

Table 6.4. Automatic free tetrahedral element mesh settings

Mesh Mesh 1: Optimum Mesh 2: Extra fine
Maximum element size (m) 3 1.2
Minimum element size (cm) 7.5 5
Maximum element growth rate 3 2
Curvature factor 0.2 0.2
Resolution of narrow region 1 1
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137 m

Figure 6.6. Finite element meshes for the optimum case: (a) Proposed model; (b) Conventional
model.

6.4 Results and Discussion

6.4.1 Model Verification

For the verification of numerical models, a 99-day period was studied which includes both heat
injection and extraction. First, the bridge solar-collector test was performed in August 2019 lasting
for 74 days. During this test, heat carrier fluid transferred the heat from the bridge deck to the
ground. Then the system was off for 21 days which was followed by a de-icing test for 4 days in
which heat was extracted from the ground and transferred to the bridge deck. More details of each

test can be found in Chapter 6 of this dissertation. Table 6.5 lists the details of the study period.
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Table 6.5 Study period details

Operation Date Period (day) | Flow Rate (l/s)
Bridge solar-collector test 8/8/2019 - 10/20/2019 74 0.51
System off 10/20/2019 - 11/10/2019 21 0
De-icing test 11/11/2019 - 11/14/2019 4 0.56

6.4.2 Initial Ground Temperature Model

The numerical models were validated by comparing the COMSOL output against the experimental
data extracted from the testing site. For both the conventional and proposed models, the output of
the initial ground temperature and GHE operation models were compared with the measured data.
First, the output of the initial ground temperature models were compared with the measured data
of a temperature monitoring borehole at far-field (TMB FF) for the period from August 2019 to
July 2020. Figure 6.7 illustrates the average monthly vertical temperature profile comparison
between the experimental data and numerical simulation results. As the initial ground temperature
model for both the proposed and conventional model is similar, only one result is shown here.
There is a good agreement between measured data and numerical model outputs for each month.

A good correspondence between the numerical analysis and the measurements justified the

utilization of this result as an initial condition for the GHE operation model.
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Figure 6.7. Monthly average ground temperature profile: numerical simulation vs experimental
data.
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6.4.3 GHE Operation Model

The average daily recorded inlet temperature during the study period was applied as the inlet
boundary condition of the GHE operation model. Also, the ground temperature model output for
August was selected, when the bridge solar-collector test was started, as the initial boundary
conditions for the ground temperature domain. The GHE operation models were validated using
the measured data during the study period from different sources, namely: GHE Outlet water
temperature, TMB1, TMB3, and TMB4. As TMB2 has a similar radial distance as TMBL1, it was
not used for verification. The installed thermistor in TMB1, TMB3, and TMB4 is also a different
type from that used in TMB2. Also, the measured data from the inlet and outlet pipe thermistor

string were not used for verification as the proposed model does not simulate the pipe wall.
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Figure 6.8. Comparison between the experimental data and the simulated fluid temperatures by
the conventional and proposed efficient model.
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Figure 6.8 shows the comparison between the recorded data and the simulated fluid
temperatures by the conventional and proposed models. It can be observed there is a good match
between the numerical models and experimental data for the outlet fluid temperature. Moreover,
the proposed model can successfully duplicate the conventional model result.
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Figure 6.9. Vertical temperature profile comparison between the experimental data from TMB 1
and the simulated by the conventional and proposed efficient model.

The average daily extracted data from TMB1 were compared with soil temperature for the
same radial distance from the numerical models’ result. Figure 6.9 shows the vertical temperature

profile during four selected critical times of the study period, namely: Time=0 day, initial condition
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before the bridge solar collector test began, Time=74 day, end of bridge solar collector test, Time=
95 day, initial condition before the de-icing test began and end of 21 days inactive system,
Time=99 day, end of the de-icing test. Both models worked similarly, and the simulated result is
very close to experimental data. The conventional model tends to work slightly better at the depth
of around 1.8 m.

Figure 6.10 illustrates the time series comparison between the experimental data from TMB
1 and the simulated soil temperature for the same depth as the TMB 1’s sensor nodes by the
conventional and proposed model. The results are satisfactory, and it can be observed there is a
minor difference between numerical models and experimental data, however, there is a noticeable
mismatch for the depth 6.4 m below the ground surface which is mostly due to the mismatch for
the same depth in the initial ground temperature condition.

In the same manner, as shown for TMB1 the numerical models were utilized the measured
data from TMB3 for verification of the models’ output. Both models worked similarly, and the
simulated results are very close to experimental data. Figures 6.11 and 6.12 show vertical
temperature profile and time series comparison between the experimental data from TMB 3 and
the simulated by the conventional and proposed efficient model. Overall, the is a good agreement
between numerical results and experimental data, and a perfect match between the proposed and

conventional models.
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Figure 6.10. Comparison between the experimental data from TMB 1 and the simulated soil by
the conventional and proposed efficient model.
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and the simulated by the conventional and proposed efficient model.
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Figure 6.12. Comparison between the experimental data from TMB 3 and the simulated soil by
the conventional and proposed efficient model.
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Figure 6.13. Vertical temperature profile comparison between the experimental data from TMB 4
and the simulated by the conventional and proposed efficient model.

Similarly, Figures 6.13 and 6.14, also show vertical temperature profile and time series

comparison between the experimental data from TMB 4 and the simulated by the conventional

and proposed efficient model. The same c